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THE SOFTENING RATE OF A STEEL WHEN TEMPERED 
FROM DIFFERENT INITIAL STRUCTURES 


By E. H. ENGEL 
Abstract 


This paper deals with the softening characteristics of 
a typical carbon steel, containing 0.94 per cent carbon and 
0.40 per cent manganese, when heat treated to four dif- 
ferent initial structural states and thereafter tempered for 
a period ranging from 2 seconds to 22 hours at five differ- 
ent temperatures: 600, 900, 1050, 1200 and 1300 degrees 
Fahr. The four initial states were martensite, bainite, fine 
nodular pearlite, and coarse pearlite. 

In general, the larger the size of the carbide particles 
in the initial structure, the lower 1s the rate of softening 
during tempering. At any given temperature the coarse 
lamellar structure softens most slowly, and after 22 hours 
at the higher temperatures this structure is even slightly 
harder than the martensite similarly tempered. At the 
lower temperatures the difference in hardness, in terms 
of Brinell number, between martensite and bainite is nearly 
independent of tempering time after a brief initial period. 
The fact that the two curves are nearly parallel, when 
time is expressed on a logarithmic scale, does not imply 
that bainite and martensite soften identically for equal 
time intervals. At the higher temperatures the four tem- 
pered structures approach a common hardness, which 
gradually decreases with increased tempering time. 


\ LMOST all heat treatments of steel employed to obtain high 
strength and toughness involve quenching, or at least relatively 
rapid cooling, from a temperature at which the steel is in the austen- 
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itic condition, followed by tempering at a temperature lower than 
that at which austenite would be regenerated. To set up a suitable 
tempering schedule for a given steel in a given structural state it is 
necessary to know something of the characteristic rate of softening 
of that steel. For instance, many hardened alloy steels—particularly 
those containing strongly carbide-forming elements such as molybde- 
num, tungsten, vanadium, titanium, and chromium—require a rela- 
tively high tempering temperature, or a long time at temperature, to 
reduce the hardness to a given level; and at a given temperature, such 
alloy steels soften less rapidly than a plain carbon steel of comparable 
carbon content. Moreover, in the same steel, the several structures 
soften at different rates during tempering, and the relative rates 
may change with temperature. Accordingly, the systematic study 
of the behavior of steel during tempering is receiving increased 
attention from metallurgical investigators as indicated by two recent 
papers by Austin and Norris (1), (2). Bain and co-workers have 
made numerous references to the subject, particularly with respect 
to the influence of alloying elements on tempering behavior (3), 
(4), (5), (6), (7), and Epstein, in his monograph on the consti- 
tution of alloys of iron and carbon (8), devoted a whole chapter 
to the subject of tempering. 

This paper deals with the softening rates of martensite, bainite 
(the dark-etching, acicular product of austenite transformation), 
fine nodular pearlite, and moderately coarse pearlite, all direct trans- 
formation products of austenite as developed in a single steel, the 
composition of which was: (€0.94%:; Mn0.40%; Si0.133%; P 0.034% ; 
S 0.044% 


PROCEDURE 


Small specimens (75 x 75 


x 1% inch) were treated as outlined 
in Table I to obtain the four different initial structures, which are 
illustrated in the representative photomicrographs at 2500, Fig. 1. 

Specimens of each of these four structures were tempered in 
lead at 600, 900, 1050, 1200 and 1300 degrees Fahr. for a period of 
time ranging from 2 seconds to 80,000 seconds (approximately 22 
hours), except that the coarse pearlite series was tempered only at 
1200 and 1300 degrees Fahr. A separate specimen was used for each 
time-temperature combination of tempering; i.e., no cumulative tem- 
pering was employed. At the end of the tempering treatment each 


iThe figures appearing in parentheses refer to the bibliography appended to this 
paper. 
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specimen was cooled in water at room temperature. 


SOFTENING RATE OF STEEL 






Sufficient ma- 


terial was removed by grinding to eliminate decarburization; ten 
Rockwell C hardness readings were then recorded for each specimen 


and the average converted to the Brinell number. 


The results are 


presented in Tables II to VI and in the form of curves (Figs. 3 to 7) 
in which Brinell hardness is plotted as ordinate, and tempering time, 


Structure 


Table 


“Rockwell _ 


Description 
Characteristic structure of 


4 I 
4 Initial Structures and Corresponding Heat Treatments Employed 


( 
65 


Brinell 
682 


Heat Treatment 
10 mins. in lead 1500 de 




























¥ Martensite fully hardened steel; obtained grees Fahr.; quenched in 
by quenching austenite. brine. 
4 Bainite Acicular, dark-etching product 53. 534 10 mins. in lead 1500 de- 
3 (B) of constant temperature trans- grees Fahr.; rapidly trans- 
4 formation of austenite at tem- ferred to lead-bismuth bath 
4 peratures between about 900 at 600 degrees Fahr. and 
4 and 300 degrees Fahr. held 30 mins.;* cooled in 
3 water. 
‘Ss Fine lamellar product of con- 
= Fine Nodular tures between about 1150 and 44.5 429 10 mins. in lead 1500 de- 
a Pearlite tion of austenite at tempera grees Fahr.; rapidly trans- 
a (FP) 900 degrees Fahr. Could also ferred to lead bath at 900 
3 stant-temperature transforma- degrees Fahr. and held 30 
be obtained by moderately seconds;* cooled in water. 
rapid cooling of austenite. 
Coarse Pear- Coarse lamellar product of 
lite constant-temperature trans- 33 311 10 mins. in lead 1500 de- 
(P) formation of austenite at tem- grees Fahr.; rapidly trans 


peratures between the lower ferred to lead bath at 


critical or A, temperature and 1225 degrees Fahr. and 
about 1150 degrees Fahr. held 40 seconds;* cooled 
Could also be obtained by in water. 

moderately slow cooling of 

austenite. 


*This period was used to insure complete isothermal transformation of this steel at this 
temperature, 














on a logarithmic scale, as abscissa. The logarithmic scale was used 
merely as a matter of convenience and its peculiarities should be kept 
in mind in the interpretation of the charts in this paper. 

In addition to the hardness measurements, a large number of 
the specimens were examined microscopically. The structural changes 
observed on tempering confirm the widely held view that the soften- 
ing of steel brought about by tempering is due largely to a gradual 
coalescence of the carbide particles. In Fig. 1 micrographs at 
2500 of the four initial structures are reproduced for comparison 
with the micrographs at X 1000 in Fig. 2 of the characteristic struc- 


ture which each type of specimen reached after 22 hours tempering 
at 1300 degrees Fahr. 


Fig. 
Fig. 
Fig. 
Fig. 
Fig. 
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1—Initial Structures Before Tempering. X 2500. 
la—Martensite—Hardness: RC 65 (BHN 682). 
1b—Bainite—Hardness: RC 53.5 (BHN 534). 

lc—Fine Pearlite—Hardness: RC 44.5 (BHN 429). 
l1d—Medium Coarse Pearlite—Hardness: RC 33 (BHN 311). 


DISCUSSION OF RESULTS 


All the structures soften more rapidly as the tempering tem- 
perature is raised, in line with the greater solubility and diffusivity 
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Time at 600 
a Degrees Fahr. 
4 Seconds 


0 
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10 
4 20 
a 40 
80 
160 
320 
640 


1200 (20 min.) 


2400 
10,000 


40,000 


ae Time at 900 
a Degrees Fahr. 
3 Seconds 
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10 
20 
40 
SO 
160 
$20 
640 





2400 


10,000 





40,000 
















4800 (80 min.) 
20,000 (5! 


80,000 (22 hr.) 


1200 (20 min.) 
4800 (80 min.) 
20,000 (5% hr.) 


80,000 (22 hr.) 


arithm of time. 


Martensite 
RC BHN7 
64.8* 682 
64.4 682 
62.0 653 
61.4 627 
61.0 627 
59.3 601 
59.6 601 
59.1 601 
58.4 601 
57.5 578 
57.0 578 
55.7 555 
55.4 555 
54.0 534 
53.0 534 
53.0 534 
51.5 514 


Table Il 
Hardness Changes Brought About by Tempering at 600 Degrees Fahr. 
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“Initial hardness before tempering. 
+BHN converted from Rockwell C value. 
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53. 
53. 
53 
53. 
S3 
53 
53 
$3. 
Sa. 
53 
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51. 
50. 
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Bainite 
BHN7 
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Table III 
Hardness Changes Brought About by Tempering at 900 Degrees Fahr. 
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534 
534 
534 
534 
534 
534 








Martensite 


RC 
65.6* 
60.2 
§2. 
50. 
48 
47. 
46. 
45. 
44, 
43. 
42. 
41. 
40. 
39. 
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682 
627 
514 
495 
477 
461 
444 
444 
429 
415 
401 
388 
375 
363 
341 


331 


*Initial hardness before tempering. 
*BHN converted from RC value. 


RC 


39 


aon 


~~ Uw 


“Ibo 


ou 


_— 


* 


———Initial Structure Before Tempering 
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Initial Structure Before Tempering——————_—_,, 


Fine Pearlite 


RC 
45.7* 
45.8 
45.9 
46.5 
46.2 
46.1 
45.8 
46.0 
46.2 
46.1 
46.0 
45.9 
45.3 
44.9 
45.2 
45.6 
44.1 


RC 
45.6* 
45.1 
45.6 
45.4 


+ 
SI 


ID DO W GW W U6 


Nwoos. 


ph hh RD 


40 
38 


oo 
os 
OI © 


7] 
Jf. 


2 
JJ. 


34. 


A 
~ © 


3rinell number, 
considerably faster during the first few seconds than any of the 
other three initial structures. 
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of carbon in ferrite at the higher temperatures. At all five temper- 
atures the martensite loses hardness, in terms of 


In all cases the curve for Brinell 
number against tempering time, the latter on a logarithmic scale, 
becomes nearly straight; but it is to be noted that this means a 
nearly constant rate of softening for equal increments of the log- 
For example, on the curve for 900 degrees Fahr. 
the drop in Brinell hardness number in the interval 100 to 1000 
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Fig. 2—Structures After Tempering 22 Hours at 1300 Degrees Fahr 


Fig. 2a— 
Fig. 2b 
Fig. 2c 
Fig. 2d 


seconds is 


Initially Martensite—Hardness: RC 10 (BHN 179). 


—Initially Bainite—Hardness: RC 8.5 (BHN 174). 
-Initially Fine Pearlite—Hardness: RC 10 (BHN 


179). 
Initially Medium Coarse Pearlite—Hardness: RC 11.5 (BHN 183). 


40 points, that in the interval 1000 to 10,000 seconds is 


again 40 points, these two intervals being equal on the chart, but 


representing actual times in a ratio of 1 to 10. Thus a nearly straight 
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line on the logarithmic scale of time corresponds to a continually 
decreasing softening rate as ordinarily reckoned in terms of equal 
increments of time. Likewise, the approximate parallelism of the 
curves for martensite and bainite shows that the drop in Brinell 


Table IV 
Hardness Changes Brought About by Tempering at 1050 Degrees Fahr. 








Time at 1050 ————_I nitial Structure Before Tempering————————_ 
Degrees Fahr. Martensite Bainite Fine Pearlite 

Seconds RC BHN7 RC BHN? RC BHN?t 

0 64.9* 682 4.2" 534 45.0* 429 

2 57.1 578 45.4 429 45.0 429 

5 406.6 444 42.4 401 43.0 401 

10 44.5 429 41.9 401 42.1 401 

20 43.3 415 40.5 375 41.6 388 

40 42.3 401 39.7 375 40.3 375 

80 40.5 375 38.1 352 39.5 375 

160 39.5 375 36.9 341 38.0 352 
320 38.6 363 36.1 331 37.1 341 
640 37.3 352 34.4 321 35.9 331 
1200 (20 min.) 35.5 331 33.7 311 sae 331 
5000 (83 min.) 32.4 302 31.0 293 33.0 311 
20,000 (5% hr.) 30.1 285 28.9 277 30.6 285 
80,000 (22 hr.) 27.5 262 26.3 255 27.9 269 


*Initial hardness before tempering. 
+tBHN converted from RC value. 


Table V 
Hardness Changes Brought About by Tempering at 1200 Degrees Fahr. 


Time at 1200 Initial Structure Before Tempering—— 





ieihatiader dal ee 
Degrees Fahr. Martensite Bainite Fine Pearlite Pearlite 
Seconds RC BHN? RC BHN7 RC BHNf RC BHNT 
0 64.3* 682 ca" 514 44.0* 415 33.6* 311 
2 46.8 444 41.7 388 43.0 401 we ets 
5 39.7 375 38.1 352 40.6 375 
10 38.6 363 35.9 331 38.7 363 
20 36.2 341 34.7 321 37.0 341 
50 sec 
40 34.7 321 33.3 311 35.7 331 31.2 293 
100 sec 
80 33.3 311 31.4 293 34.2 321 31.3 293 
160 31.3 293 30.3 285 32.7 302 die 
320 30.2 285 28.8 277 31.2 293 29.3 277 
640 28.7 269 27.9 269 29.2 277 Pin 
1200 (20 min.) 27.4 262 26.4 255 29.0 277 28.6 269 
2400 24.8 248 24.9 248 26.1 255 aA 
4800 (80 min.) 23.2 235 22.8 235 25.3 248 26.2 255 
10,000 20.2 223 20.2 223 22.0 229 ia cee 
20,000 (5% hr.) 17.7 207 18.9 217 20.7 223 a 223 
40,000 15.6 201 15.5 201 17.2 207 “PP sa 
80,000 (22 hr.) 13.6 192 13.3 192 15.0 197 17.1 207 


number is about the same for both in equal time intervals when 
these intervals are measured from the same value of time as a start- 
ing point, but not for equal time intervals measured from different 
times as starting points. This difference can be stated in another 
Way, as in the following example. At 900 degrees Fahr. the hard- 
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ness of martensite, initially BHN 680, drops to 500 BHN in about 
10 seconds, and to 350 BHN in about 500 minutes; whereas that of 
bainite, initially 535 BHN, reaches 500 BHN in about 3 seconds and 
350 BHN in about 80 minutes. Thus a difference of only 7 seconds 
in the time required to reach 500 BHN increases to 7 hours when 
we consider the 350 BHN level. 











700 . — ~— t t 
| Tempering temperature 
Qo 
650 600° F. 
M 
600 
550 
% 500 
~y 
C 
? 450 a 
> —. 
< 
> $00 
@ 
S 
c 
® 350 
300 
250 
I dite cachlie ail ela aa a i 
= | Tempering time-seconds | | 
12\\2 510 10? 103 10* 10° 
150 , , — | 
7 tj #2 8 10 sec. 71min. 10min Thr 10 br. 
Linear. Logarithmic 
Fig. 3—Hardness Curves for Steel Tempered at 600 Degrees Fahr. 


The curves for the high temperatures, 1200 and 1300 degrees 
lahr., show most clearly that the softer structures soften more 
slowly than the harder. It appears that the hardness number at 
which the curves of any two of these structures intersect is nearly 
independent of the tempering temperature. For instance, the curves 
for martensite and for fine pearlite intersect at a hardness not far 
from 350 BHN at each of the four higher temperatures, but only 
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after a time interval which is longer the lower the temperature. 
3eyond the intersection the pearlite remains somewhat harder than 
the tempered martensite, both continuing to soften thereafter at a 





Table VI 
Hardness Changes Brought About by Tempering at 1300 Degrees Fahr. 
Time at 1300 ——————_Initial Structure Before Tempering—___, 
Degrees Fahr. Martensite Bainite Fine Pearlite Pearlite 
Seconds RC BHNf RC BHN7 RC BHN{ RC BHNij 
0 64.7* 682 §2.5* 514 43.0* 401 $2.7" 302 
2 40.6 375 35.9 331 40.4 375 oaien oe 
5 35.0 321 35.2 331 38.0 352 Ss wie 
10 33.1 aae 32.1 302 34.3 321 Sa. 302 
20 31.0 293 30.8 285 32.3 302 pares ate 
40 29.1 277 28.4 269 31.4 293 30.9 293 
80 26.9 262 26.2 255 29.0 277 28.5 269 
160 25.9 255 25.1 248 27.7 262 27.1 262 
320 23.8 241 22.9 235 24.9 248 25.3 248 
640 22.7 235 20.8 223 23.0 235 ae cay 
1200 (20 min.) 20.9 223 19.5 217 21.5 229 23.7 241 
5000 (83 min.) 19.2 217 17.6 207 20.1 223 19.9 217 
20,000 (5% hr.) 14.0 192 14.2 197 15.2 197 15.2 197 
80,000 (22 hr.) 9.8 179 8.6 174 9.8 179 11.4 183 


*Initial hardness before tempering. 
+BHN converted from RC value. 


decreasing rate. The practical significance of this is that a section 
of quenched steel which has failed to harden throughout and thus 
has a fine pearlitic core, may be brought to a uniform hardness 
throughout the cross section by holding it for an appropriate time, 
which will be quite short if the temperature is high. In fact, if 
tempering is continued beyond the time required for the martensitic 
case and the pearlitic core to reach a common hardness, the case 
will become softer than the core because of the lower softening rate 
of the pearlitic structure in the core. Thus the familiar U-shaped 
curve representing the hardness distribution in a quenched cylinder 
can be flattened out and even inverted by proper selection of the 
time-temperature conditions of tempering. To illustrate this, a cylin- 


der, 21% inches long and 43 inch in diameter, of a 0.74 per cent car- 
bon steel was quenched from 1700 degrees Fahr. and fractured mid- 
way between the ends. After grinding and polishing the fractured 
surface of one of the halves, the hardness distribution across several 
diameters of the piece was recorded; the piece was then tempered 
at 1200 degrees Fahr. for 20, 50 and 100 seconds, and the hardness 
distribution across the section again measured after each tempering 
period. The results, shown graphically in Fig. 8, were as antici- 
pated. 


In general, microscopic examination confirmed the results of 
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the hardness measurements. After 22 hours at 1200 or 1300 de- 
grees Fahr. all four initial structures are so well spheroidized that 
differences in structure have become very slight indeed. After 22 
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Fig. 4—Hardness Curves for Steel Tempered at 900 Degrees Fahr 





hours at 1300 degrees Fahr., such differences as there are indicate 





that the carbide particles in specimens initially martensitic are most 
uniform in size and most spheroidal in shape, while the carbides in 







specimens initially fine pearlitic appear to be most uniformly dis- 
tributed. Thus our experience indicates that when a well sphe- 
roidized uniform structure is desired in a steel, it is advantageous to 
start from either martensite or fine pearlite. Traces of lamellar 
structure are still plainly evident after 22 hours at 1300 degrees 
Fahr. in specimens which were initially coarse pearlite. 

The similarity in initial softening behavior of martensite and 
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bainite, particularly by contrast with that of pearlite, and the nearly 
constant difference in hardness number between martensite and 
bainite on tempering for equal times suggest that, in structure, bain- 
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‘ 150 : : | ' — ' ni 
rr 5 10sec. Imin 10min. thr. 10 hr. 
Linear. ogarithmi¢ ———__—_——_—_+} 
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ite resembles martensite rather than fine pearlite. If martensite is 
an atomic or molecular dispersion of carbon or carbide, bainite may 
perhaps be regarded as a dispersion of groups or aggregates of car- 
bide. This tentative view is in line with the well known fact that 
the greater the degree of supersaturation of a phase at the moment 
s it is precipitated—in this case, therefore, the lower the temperature 
4 at which it is formed—the finer will be the particles precipitated. 
’ In this connection it may be noted, moreover, that finer particles, 
because of their greater interfacial area, not only dissolve more 
rapidly, but also have a higher real solubility than coarser particles 
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2 
of the same substance. In other words, there is always a tendency a bi 
for particles to coarsen, by reason of this difference in real solubil- e al 
ity between finer and coarser particles. The rate of this coarsen- q sp 
ing process, however, under many circumstances may be so small 4 the 
as to be inappreciable; but, if other things are equal it will be a a 
700 
650 Jempering temperature 4 
1200° F . 
600 y 
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“4 500 4 
4 # 
v 2 
S “4 
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9 
2° 
> 400 
Y 
§ 
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300 4 
250 4 
200 F | —~ Tempering time-s 4 
12\\2 5 10 10? 103 
150 ; 
122 5 Wsec. min 10min Thr 10 hr. 
Linear Logarithmic : 
Fig. 6—Hardness Curves for Steel Tempered at 1200 Degrees Fahr. 
greater the finer the particle, and greater the higher the tempera- 4 pa 
ture because, presumably, of the rapid increase of rate of diffusion 3 bo 
with rise in temperature. Thus the rapid initial softening of mar- j eff 
tensite and bainite would be expected if the picture of their struc- ’ tin 
ture sketched above is right. a me 
When the steel is pearlitic, the total interfacial area is, pre- 3 ho 
sumably, smaller than when the steel is in the form of bainite; 3 is 


correspondingly the coarsest pearlite tempers most slowly. The car- 4 22 
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y ” bide lamellae appear first slowly to thicken and change into short 
- a rods or disks, and later to coalesce gradually to larger and more 
4 spheroidal particles. As the size of the carbide particles increases, 
y 4a their difference in solubility, which is the underlying cause of the 
eS 7 coalescence, becomes less and less; moreover the distance between 
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Fig. 7—-Hardness Curves for Steel Tempered at 1300 Degrees Fahr. 
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ra- particles increases, so that the rate of the process is affected by 
on both these factors and thus decreases continually, so that what is, in 
ar- effect, a stationary state is reached in a few hours. From long- 
"1c- time spheroidizing treatments, such for example, as holding a speci- 

men at a temperature just below the A,,; point for as long as 300 
re- hours, it was found that the carbides assume a size and shape which 
te; is only slightly larger and more spheroidal than that attained after 






22 hours at 1200 or 1300 degrees Fahr. In other words, after 
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reaching a certain size, the particles grow at a vanishingly small 
rate, in accord with general experience of analogous cases. Thus 
as the time of tempering is increased, the softening curves for the 
different structures of the same steel tend to converge into a single 
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Fig. 8—Hardness Distribution Across a 
0.74% C Steel Cylinder in the As-Quenched 
Condition and After Three Different Tem- 
pering Treatments. 


curve which becomes more and more nearly horizontal even when 
the time-scale is logarithmic. 


SUMMARY 


1. The rate of softening during tempering of a typical carbon 
steel is dependent upon the initial structure of the steel prior to 
tempering. 

2. In general, the finer the state of dispersion of the carbide 
particles in the structure before tempering, the faster will the Bri- 
nell hardness number decrease during tempering. Of the structures 
examined—martensite, bainite, fine pearlite, and coarse pearlite— 
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the last named is distinctly the slowest to soften at any given tem- 
perature. 

3. The rate of softening of martensite is so much faster than 
that of pearlite that the two curves for hardness vs. tempering time 
at a given temperature actually cross. Thus, under appropriate 
tempering conditions, the fully-hardened (martensitic) surface re- 
gion of a section of quenched steel which failed to harden all the 
way through may be made softer than the relatively soft (pearlitic) 
core which did not harden on quenching. 

4. After a brief initial period, the difference in Brinell num- 
ber of martensite and bainite on tempering remains nearly constant. 
5. At the high tempering temperatures the four initially dif- 
ferent structures investigated tend to approach a common hardness 
which decreases more and more slowly with increased time at tem- 
perature. 
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DISCUSSION 


Written Discussion: By S. C. Spalding, metallurgical engineer, Ameri- 
can Brass Co., Waterbury, Conn. 

The author has added some interesting and valuable data to the informa- 
tion on what happens to a carbon steel when tempering various structures. 
In describing the procedure it is stated that Rockwell C hardness readings are 
taken for each specimen and the average converted to Brinell number and then 
these converted Brinell values plotted against tempering time to produce the 
curve shown in the paper. 

In considering this I wonder why, if the hardness values were taken on 
the Rockwell scale and recorded as Rockwell numbers, the curves were not 
plotted in terms of Rockwell numbers versus tempering time rather than the 
converted Brinell. I wondered about this particularly in view of the fact 
that it is generally recognized that no consistent correlation can exist between 
various hardness testing machine scales. This means that the converted Bri- 
nells which are used in plotting the curves do not actually represent any spe- 
cific hardness values. 

No doubt the author has some good reason for this but it would seem, 
offhand, more reasonable to have plotted the effect of tempering time on the 
hardness values in the scale in which the actual readings were taken, where, 
at least, they would represent the hardness determinations made. 

I would be glad to have the author inform us why the converted hard- 
ness was used in this case. 

Written Discussion: By John L. Burns, mill metallurgist, Republic Stee! 
Corp., Chicago. 

Mr. Engel is to be congratulated on this clear and concise exposition of 
the effect of tempering a 0.94 per cent carbon steel from different initial struc- 
tures. The reversion of the “U” type hardenability curve is particularly inter- 
esting and affords a good basis to judge the best beginning structures for 
spheroidization. 

In conjunction with this part of the work, has the writer carried out any 
further experiments on possible faster methods of spheroidization—such as the 
successive raising and lowering the temperature above and below the Ac: 
point? How would this compare with the rate attained by starting with the 
best initial structure followed by tempering? 

Written Discussion: By M. C. Fetzer, instructor in metallurgy, Pennsyl- 
vania State College, State College, Pa. 

Mr. Engel has performed a valuable piece of work by comparing the 
softening rate of bainite with those of martensite and two pearlites. An im- 
portant point is that when tempered at temperatures above their formation 
temperatures the various structures show little difference in hardness after a 
short initial time period. 

The author has suggested that because bainite initially soitens similarly 
to martensite and because after greater lengths of time the difference in hard- 
ness between bainite and martensite remains nearly constant, bainite is struc- 
turally like martensite and not fine pearlite. Mr. Engel has chosen to work 
with a hard 600 degrees Fahr. bainite, and therefore, as it is far removed from 
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the final hardness reached by all of these structures after 22 hours at the 
several temperatures, it like martensite, softens rapidly in the initial stages. 
Similarly a heavily cold-worked steel would soften rapidly in its initial stages 
when annealed because its hardness is far removed from the dead soft value. 
Had an 800 or 850-degree Fahr. bainite, having the same initial hardness of 
fine pearlite, been tempered instead of this 600-degree Fahr. bainite the soften- 
ing curve would have been different initially and perhaps more like that of 
fine pearlite. It is not to be inferred from this that bainite is similar to fine 
pearlite, but such a conclusion could be drawn by curve comparisons as was 
done in this paper. Regarding the parallelism of bainite and martensite hard- 
ness curves after a brief initial period, this relationship holds equally as well 
for the bainite-fine pearlite curves. 

Written Discussion: By A. B. Wilder, assistant professor of Metallur- 
gical Engineering, University of Illinois, Urbana, Il. 

The influence of the size factor is of interest with reference to the results 
of this investigation. The author used specimens yo inch thick and from a 
practical point of view, this type of material has a limited application. In- 
formation of an indirect nature is presented in Fig. 8 and it would be of 
interest to have Mr. Engel present his views with reference to the behavior 
of thicker specimens. 


Author’s Reply 


In regard to Mr. Spalding’s discussion I quite agree that it would seem 
more reasonable to have plotted the effect of tempering time on the Rockwell 
C hardness values, the scale in which the actual readings were taken, and 
originally this had been done. 

However, when plotting Rockwell C hardness against the logarithm of 
tempering time, a change in slope appeared in the lower end of the curves, 
making it seem as though the softening rate of all structures suddenly increased 
at about 20 C and lower hardnesses. This tended to obscure the points made in 
presenting the plots and was entirely due to the peculiarities of the Rockwell C 
scale in this low hardness range. Looking for an explanation, we examined 
the Rockwell C-Brinell relationship and found that while at higher hardnesses 
a straight line relationship exists, the Rockwell C hardness drops off consider- 
ably faster than the Brinell hardness in this low range. 

We, therefore, converted all values to Brinell hardness numbers and ob- 
tained the plot shown in the paper in which this unreal sudden change in 
softening rate at low hardnesses was no longer apparent. 

As to Mr. Burns’ question I believe that, while I have not conducted any 
such experiments, the successive raising and lowering of the temperature to 
slightly above and below the Ac: point has been found to be the fastest method 
of spheroidization. By having the most suitable initial structure in addition to 
following this procedure, one would therefore be likely to obtain the most rapid 
and thorough spheroidization, and it would be of interest to confirm this by 
actual experiment. 

In answer to Mr. Wilder’s question I would like to state that thin speci- 
mens were purposely used to avoid any mass effect and thus to be able to bring 
the entire specimen to temperature almost instantly. 











REACTIONS TO ANNEALING ABOVE THE EUTECTOID 
TEMPERATURE OF QUENCHED HYPEREUTECTOID 


STEELS 
By CHARLES R. AusTIN AND M. C. FETZER 


Abstract 


A series of hypereutectoid steels of similar chemical 
composition has been shown, in previous researches, to 
react in a markedly different manner, with respect to 
spheroidization, graphitization and softening, on pro- 
longed tempering of the hardened steels at temperatures 
below the eutectoid transformation. 

The present investigation outlines the reaction of 
these steels to prolonged annealing at temperatures ex- 
tending from slightly above the eutectoid inversion to 
above the limit of complete solubility of all the carbon 
present in the steels. The factors considered relate prin- 
ctpally to graphitization, nature and distribution of excess 
carbides, columnarization of ferrite grains occurring dur- 
ing surface decarburization and fracture grain size of the 
steels obtained on quenching the annealed specimens. 

In contrast to the behavior at subcritical tempera- 
tures graphitization above the critical has been shown to 
correlate with chemical analysis of the steel. Fracture 
grain size tests in conjunction with metallographic studies 
have indicated that angular carbides are associated with 
fine g grain size, and that a change in shape to the sphe oroidal 
form is accompanied by an increase in fracture grain size 
The greater the metallic aluminum content the greater the 
reluctance of the steels to develop a coarse grain. The 
tendency for columnarization of the ferrite which occurs 
during decarburization, has been shown to correlate with 
grain growth in the adjacent austenite. 


HE profound differences in reaction to tempering below the 
critical range of quenched hypereutectoid steels of similar chemi- 
cal composition have been discussed by one of the present authors, in 


A paper presented before the Twentieth Annual Convention of the Society 
held in Detroit, October 17 to 21, 1938. Of the authors, Charles R. Austin is 
professor of metallurgy and M. C. Fetzer is instructor in metallurgy, The 
Pennsylvania State College, State College, Pa. 
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two recent technical publications.‘ While those researches were not 
intended to cover a study of dissimilarity to tempering or annealing 
within the critical range, certain observations were made during the 
course of the investigation on gradient tempering, which appeared to 
merit further consideration. 

It is the purpose of this paper to present the results of a study 
of the reaction of five “‘similar’’ steels to prolonged annealing at tem- 
peratures above the eutectoid inversion and extending to slightly 
above the Acm or limit of solubility for carbon in iron. The factors 
considered principally relate to: 


1. Relative tendency to graphitization 

Nature and distribution of excess carbides 

Fracture grain size of the steels 

Nature of ferrite grains after surface decarburization 


+ W bo 
a." @ 


MATERIALS AND EXPERIMENTAL PROCEDURE 


The steels considered were in the form of 3-inch diameter 
rolled bar stock, and were identical with those previously studied. 
They are typical of the products of three different steel companies. 
The chemical analyses of the five steels tested are recorded in Table I. 

The research reported on the gradient tempered bars had shown 
indications that certain of the steels failed to harden properly when 
quenched after prolonged annealing above the eutectoid tempera- 
ture and it appeared that surface oxidation and to some extent de- 
carburization were the cause of the irregularities in the hardness data 
observed. Accordingly a few tests were run to develop suitable 
technique for minimizing both oxidation and decarburization result- 
ing from either the preheating for quench hardening or from the 
long annealing treatments which followed. 

Satisfactory results were obtained for the hardening treatment 
by heating in cast iron chips, and by subsequently annealing in high 
temperature carbon lavite, although in the latter, limited surface 
decarburization occurred, as will be discussed later. 


_ JICharles R. Austin and B. S. Norris, “‘Effect of Tempering Quenched Hypereutectoid 
Steels on the Physical Properties and Microstructures.” TRANSACTIONS, American Society 
tor Metals, Vol. 26, 1938, p. 788. 

‘Temperature Gradient Studies on Tempering Reactions of Quenched High Carbon 
Steels,” American Institute of Mining and Metallurgical Engineers, Metals Technology, 
June, 1938, pages 1-23. Technical Paper 923. rs 
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Eight specimens 134 inch long, from each of the five steels were 
notched %4 inch from one end, held at 1000 degrees Cent. (1830 
degrees Fahr.) in cast iron chips for 1 hour and quenched in water. 
Two of the eight %-inch notched ends were then broken off from 
each of the five different steels in order to obtain fracture hardness 


Table I 


Chemical Analysis of the Steels 
Type of 
Steel Steel Carbon Mn Si P S Cr Ni ve. Ce Al Al,O, 
O. H. A 1.09/1.09 0.31 0.27 0.018 0.031 0.12 0.06 Nil 0.16 0.005 0.010 
E. F. B 1.04/1.05 0.30 0.44 0.028 0.025 0.05 0.06 Nil 0.12 0.000 0.009 
O. B D 1.00/1.00 0.42 0.17 0.016 0.027 0.09 0.12 Nil 0.10 0.011 0.008 
O. H E 0.98/0.98 0.40 0.21 0.013 0.031 0.03 0.08 Nil 0.08 0.000 0.009 
E. F. F 0.32 0.27 0.009 0.018 0.06 0.16 Nil 0.08 0.025 0.008 


1.00/1.00 


data, and to provide specimens for microscopic study. Duplicate 
specimens of each of the steels were then tempered in carbon lavite 
salt for 72 hours at 760, at 800, at 840 and at 880 degrees Cent. 
(1400, 1470, 1545, 1615 degrees Fahr.), followed by water quench- 
ing. Again a fracture was taken from one set of specimens from 
each annealing treatment after this final quench. 


EXPERIMENTAL RESULTS 


1. Hardness Data. After annealing for 1 hour in cast iron 
chips followed by quenching in water it was noted that all the steels 
hardened satisfactorily, giving a Rockwell “C’ hardness ranging 
from 62 to 65. Similarly on quenching after tempering or anneal- 
ing at 760, 800, 840, or 880 degrees Cent. (1400, 1470, 1545, 1615 
degrees Fahr.) for 72 hours, all steels fully hardened. The average 
of several values taken on a cross section of each of the variously 
treated steels is recorded in Table II. 

2. Fracture Grain Size. A summary of the observations ob- 
tained from a study of the fracture grain size of all the steels after 
the various heat treatments, followed by water quenching, is assem- 
bled in Table III. 

The grain size values for the steels quenched from 1000 degrees 
Cent. (1830 degrees Fahr.) agree with those recorded in the first 
cited research on these alloys, with the exception of the figure for 
Steel F which maintained a finer grain than previously. This differ- 
ence may be due to prehardening treatments X and Y to which the 
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steels were subjected, in the earlier work, prior to heating and 
quenching from 1000 degrees Cent. (1830 degrees Fahr.). A general 
picture of the relation between fracture grain size and annealing 
temperature (72 hours duration) is shown diagrammatically (Fig. 1). 








Fracture Grain Size 


760° 800° 840° 880° 1000° 


72 Hrs 72 Hrs 72 Hrs 72 Hrs 1 Hr 
Annealing Temperature °C 


Fig. 1—-Relation Between Fracture 
Grain Size and Temperature of Anneal 
ing Prior to Quenching, for Each of the 
Five Steels Investigated. 


All steels were fine-grained after 72 hours at 760 degrees Cent. 
(1400 degrees Fahr.), three steels maintained their fine grain charac- 
ter at 800 degrees Cent. (1470 degrees Fahr.), but only two, steels 
D and F, were still fine-grained after 72 hours at 840 and 880 degrees 
Cent. (1545 and 1615 degrees Fahr.). The reluctance of the steels 
to coarsen as the annealing temperature increased, appeared to cor- 
relate with their metallic aluminum content. 

3. Microstructural Characteristics. The profound differences 
observed in tendency to graphitization of these steels, at temperatures 
below the critical, have been recorded.? Dissimilarity in the nature 
and distribution of the spheroidal cementite on prolonged tempering 
at sub-critical temperatures has also been discussed and illustrated’. 


“loc cit. 
8loc cit. 
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The behavior of the steels with respect to these characteristics, as 
well as to surface decarburization, at temperatures within the critical 
range, is now to be outlined under the sub-headings graphitization, 
spheroidized free cementite, and surface decarburization. 

A. Graphitisation. After annealing for 72 hours at 760, 800, 
840 and 880 degrees Cent. (1400, 1470, 1545, 1615 degrees Fahr.), 
and water quenching, samples for microscopic examination were 
ground and polished and typical structures recorded, as in Figs. 2 to 
10 inclusive, at 100 diameters. 

At 760 degrees Cent. (1400 degrees Fahr.) steel A exhibited a 
slight tendency to graphite formation (Fig. 2), whereas at 800 and 
840 degrees Cent. (1470 and 1545 degrees Fahr.) (Figs. 3 and 4) 
marked graphitization occurred. Steel B graphitized readily at each 
of the three lower annealing temperatures (Figs. 5 and 6). Very 
little graphitization was observed in steel D (Fig. 7) or steel E at 
any of the four temperatures. Steel F exhibited marked graphitiza- 
tion at 760 and 800 degrees Cent. (1400 and 1470 degrees Fahr.) 
(Figs. 8 and 9) but was practically free from graphite after anneal 
ing for 72 hours at 840 degrees Cent. (1545 degrees Fahr.) (Fig. 10). 
All steels were practically free from any graphitization as a result 
of the 880 degrees Cent. (1615 degrees Fahr.) anneal. The graph- 
itizing characteristics of these steels as a function of annealing tem- 
perature is depicted in Fig. 11. 

At subcritical temperature steels A, D, and F graphitized while 
steels B, C, and E were very resistant to graphitization. No evidence 
of graphitization was found in any of the steels after the preliminary 
1 hour at 1000 degrees Cent. (1830 degrees Fahr.). 

B. Spheroidized Free Cementite. Subsequent to the studies on 
graphitization the specimens were etched in order to reveal the nature 
and distribution of the free cementite. A few typical structures ob- 
tained on etching in 1 per cent nitric acid in absolute ethyl alcohol 
are recorded in Figs. 12 to 18. 

The excess carbides after 72 hours at 760 degrees Cent. for 
steels B and F are shown in Figs. 12 and 13 respectively at 1000 
diameters. These structures are typical of all five steels, and it will 
be observed that there are two distinct groups of carbides (a) very 
small spheroidal ones and (b) large angular carbides. Upon increas- 
ing the annealing temperature to 800 degrees Cent. the small particles 
disappear. The large carbides then had a spheroidal form in steels 


3 and E. (Fig. 14) but were still angular in steels A, D, and Ff 
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Figs. 2 to 7—Pt ; 

Stosln ae “7% tomicrographs Showi . 

Steels on O 7 graphs Showing the Amount of ( > F in Vari 

ing at a Guceching After 1 Hour at 1000 Degrees Cent. Followed ‘b "12 He a eres 
ee oe Indicated. Unetched. X 100 oe tS ae 
Steel A. Fig. 2, at 760° C.;: Fi 3 8 

, at 760° aR. &, at /0U X., ig. J, at 800° C.: Fig no , 

60° 'C.; Wig.'6, at B00" C. Sal D. Fe. Fata Ce. Be 


(Figs. 15 
= ee , 16, and 17). It may be noted that steels B and E contain 
ast amount of carbide-forming element, chromium; they are the 
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only steels which contain no aluminum; and at 800 degrees Cent. 
it has been shown that they are the only two steels which are coarse- 
grained. 











Table Il 
Rockwell “C” Hardness of the Steels After Water Quenching From 1 Hour at 1000 
Degrees Cent. and After Subsequently Annealing for 72 Hours at 760, 800, 840 and 880 
Degrees Cent. Followed By Requenching in Water 


1000°C—W.Q. 1000°C—W.Q. 1000°C—W.Q. 1000°C—W.QO. 
1 Hour at 1000°C 760°—72 Hour 800°C—72 Hour 840°C—72 Hour 880°C—72 Hour 
Steel and Water Quench Water Quench Water Quench Water Quench Water Quench 





A 64.0 65.3 64.0 62.9 64.9 
B 65.2 64.7 63.5 63.1 64.8 
D 63.6 63.0 62.3 63.9 64.0 
e 63.0 64.1 62.8 63.8 64.0 


63.5 64.9 











At 840 degrees Cent. all the carbides appeared to have passed 
into solution (except steel A, Fig. 18) or to have decomposed with 
the formation of graphite. Incidentally the residual carbides in steel 
A showed a change to the rounded form and the steel became coarse- 
grained. Complete solution of all the carbon present in the steels 
was effected, apparently, by the prolonged treatment at 880 degrees 
Cent. 

C. Surface Decarburization. As a result of the initial treatment 
for all specimens, heating 1 hour at 1000 degrees Cent. (1830 degrees 
Fahr.) and water quenching, being conducted in cast iron chips, little 
surface decarburization occurred. Subsequent annealing for 72 hours 
in carbon lavite at 760, 800, 840 and 880 degrees Cent. (1400, 1470, 
1545, 1615 degrees Fahr.) resulted in some decarburization in all the 
steels at each temperature. 

The polished cross sections of treated specimens were etched in 
1 per cent alcoholic nitric acid. This reagent produced a light mar- 
tensitic etch and clearly revealed the structure of any free carbides. 
Near the peripheral part of the sample a darker etching ring was 
observed adjacent to the outer zone of ferrite. This peripheral zone 
of ferrite was absent in the samples annealed for 72 hours at 880 
degrees Cent. (1615 degrees Fahr.). In the intermediate ring where 
a concentration gradient existed due to partial decarburization, there 
was an absence of free carbides or graphite. A synopsis of’ the 
observations made on the depth and nature of surface decarburiza- 
tion has been assembled in Table IV. 

Of particular interest is the type of grain developed in the 
ferrite at the various annealing temperatures. Several writers have 
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Figs. 8 to 13—-Microsections on Quenching After 1 Hour at 1000 Degrees Cent. Fol- 
lowed by 72 Hours Annealing at the Temperature Indicated. 

Figs. 8 to 10—Unetched Sections Showing Amount of Graphitization. X i00. 

Steel F. Fig. 8, at 760° C.; Fig. 9, at 800° C.; Fig. 10, at 840° C. 

Figs: 12 and 13—Etched Sections Showing Free Cementite and Some Transformed 
Pearlite (Fig. 13). Etched Nital.  X 1000. 

Steel B. Fig. 12, at 760° C. Steel F. Fig. 13, at 760° C. 
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March 





discussed the mode of formation of columnar grains in the de- 
carburized zone of a steel, and the theory first proposed by Green in 
a discussion of a paper by one of the present authors‘ appears to find 
most favor. This theory suggests that nuclei of the new ferritic 
phase formed from the austenite, by elimination of the carbon from 





Table Ill 


Fracture Grain Size of the Steels After Water Quenching From 1 Hour at 1000 Degrees 
Cent., and After Subsequently Annealing for 72 Hours at 760, 800, 840 and 880 Degrees 
Cent. Followed By Requenching in Water 


1000°C—W.Q.  1000°C—W.Q. 1000°C—W.Q. 1000°C—W.O. 
1 Hour at 1000°C 1 760°C—72 Hour 800°C—72 Hour 840°C—72 Hour 880°C—72 Hour 
Steel and Water Quench Water Quench Water Quench Water Quench Water Quench 


A 3% 7 7 1 1 
B 3 6% 3% 3 2% 
D 2% 7% 6% 53% 5% 
E 3 6% 4 3 3 
F 7% 6% 7% 6% 5% 








the surface of the steel, grow inward progressively as decarburiza- 
tion and concomitant y-a phase change occurs. The mechanism 
can be compared to that of columnar growth during freezing from 
the liquid state. 

Mehl® considers this explanation incontestable, although he 
points out that columnar crystals may develop from the solid state 
in other ways.°® 





















DISCUSSION OF RESULTS 





In order to correlate the effect of prolonged annealing on the 
various steels after quenching from 1000 degrees Cent. (1830 degrees 
Fahr.), a series of diagrammatic sketches were prepared to indicate 
qualitatively the progress of graphitization, the nature and distribu- 
tion of the spheroidized cementite, the amount of surface decarburiza- 
tion, and the form, columnar or equiaxed, of the resulting ferrite 
grains. These data are presented in Fig. 21. 
It is now proposed to discuss more fully some of the important 
characteristic differences observed in the series of steels. 
_ Hardness and Critical Cooling Rates. The present study indi- 


4G. W. Green—discussion of paper by Charles R. Austin, ““Hydrogen Decarburization 
of Carbon Steels with Considerations on Related Phenomena.’’ Journal of The Iron and 
Steel Institute, Vol. CV, No. I, 1922, pages 93-155. 


5R. F. Mehl, “Diffusion in Solid Metals,” Inst. of Metals Div.. Lecture, American 
Institute Mining and Metallurgical Engineers, Vol. 122, 1936, p. 11-56. 
®D. H. Rowiand and Clair Upthegrove, “Grain Size and Its Influence on Surface 


Decarburization of Steels,’ Transactions, American Society for Metals, Vol. XXIV, 
March 1936, p. 96-132. 
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cates conclusively that all the steels completely harden when water 
quenched from above the lower critical point. The irregularities 
previously recorded were, as suspected, largely due to the effects of 
surface oxidation, resulting from prolonged annealing in air prior to 
quenching. 


Marked— 


Tendency ta Graphitize 





< Slight 


760° 800° 840° 880° 
Annealing Temperature (72 Hrs.) C 
Fig. 11—Graphitizing Tendencies of the 


Five Steels as a Function of Annealing Tem- 
perature. 


It is of importance in this connection to consider also the relative 
critical cooling rates of the steels as indicated by the microstructures 
obtained on quenching the annealed steels when free from scale. 
Thus Fig. 13, which illustrates the microstructure of steel F, water- 
quenched after annealing 72 hours at 760 degrees Cent. (1400 degrees 
Fahr.), shows evidence of small regions of pearlite—the black areas 
in this section must ‘not be mistaken for graphite. Since the cooling 
rate obtained on quenching from 760 degrees Cent. (1400 degrees 
Fahr.) evidently approximated the critical cooling velocity, any 
appreciable scaling would have prevented complete hardening of this 
fine-grained steel. 

Steels A, D, and E, fine-grained at 760 degrees Cent. (1400 
degrees Fahr.), also showed some evidence at high magnification of 
scattered regions of transformed pearlite, when quenched from this 
temperature. 

On quenching from 800 degrees Cent. (1470 degrees Fahr.) 
steel F showed traces of fine pearlite, but none could be observed 
in any of the other four steels similarly treated. 

A further indication of the relative reactivity of the steels is 
provided by the amount of fine pearlite observed in the martensite 
adjacent to the ferrite formed in the decarburized peripheral ring. 
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Thus, on quenching from 760 degrees Cent. (1400 degrees Fahr.) 
steel F showed as much as 50 per cent fine pearlite in the transition 
zone while steel B showed none. Steels A, D, and E had intermediate 


Table IV 


Synopsis of Observations Taken on Depth and Nature of Surface Decarburization of the 
Steels During 72 Hours Anneal at 760, 800, 840 and 880 Degrees Cent. 


Annealed 
72 hours Decarburized Gamma Grain Size 
at Band of Ferrite Adjacent to Ferrite Nature of 
Degrees Depth Grain _ By y Ferrite-Martensite 
Steel Cent. m.m. Type Microscope Fracture Boundary 
A 760 0.75 Equiaxed 7-8 As F.G.S.*—7 Irreg. Mixed gq -M 
B 760 1.0 Columnar hi a than Sharp. Fig. 19 
6% 
D 760 0.75 Equiaxed 7 As F.G.S.—7% __siIrreg. Mixed q -M 
E 760 0.8 Columnar 3-4 Coarser than 6% harp 
F 760 0.75 Equiaxed 7-8 As F.G.S.—6% __Irreg. Fig. 20 
A 800 0.5 Columnar 3-4 Coarser than 7 Irreg. No mixed 
oO - 
B 800 0.75 Columnar Approx. 4 As F.G.S.—3™% ~~ Irreg. No mixed 
oO: 
D 800 0.4 Equiaxed 7 As F.G.S.—6% _ _Irreg. Mixed q -M 
E 800 0.6 Columnar 4-5 As F.G.S.—4 Irreg. No mixed 
ox -M 
F 800 0.5 Mixed Mixed As F.G.S.—7% _Irreg. Mixed q -M 
A 840 0.2 Columnar ay Stony—1 Sharp 
B 840 0.6 Columnar Approx. 3-4 As F.G.S.—3s Sharp 
D 840 0.35 Mixed wg As F.G.S.—5%4 _Irreg. Mixed gq -M 
E 840 0.4 Columnar Approx. 4 As F.G.S.—3 Sharp 
F 840 0.35 Mixed Mixed As F.G.S.—6% Irreg. Mixed q -M¢ 
A to F 880 None "7 5 oa 


*Fracture Grain Size. 

{Fracture Grain Size recorded in Table III. 

¢In this steel a few large austenite (martensite) grains are associated with ferrite 
columnarization and a sharply defined boundary (cf. Fig. 20). 


amounts. After quenching from 800 degrees Cent. (1470 degrees 
Fahr.) two steels, B and E, showed no evidence of pearlite, whereas 
quenching ‘from 840 degrees Cent. (1545 degrees Fahr.) steels B, E, 
and A were completely martensitic. Hence steels A, D, and F at 
800 and steels D and F at 840 degrees Cent. (1470, 1545 degrees 
Fahr.) all exhibited evidence of the presence of some pearlite net- 
work in the intermediate zone, thus indicating the greater difficulty 
in suppressing the eutectoid inversion in the given steels under the 
quenching conditions cited. A comparison of this reactivity with 
grain size, shows a satisfactory correlation. The fine-grain steels 
exhibit a greater tendency to formation of fine pearlite. 

These facts readily explain why certain steels in the previous 
work on gradient tempering failed to harden when the quenching rate 





1939 
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Figs. 14 to 17—-Photomicrographs Showing the Amount, Nature and Distribution of 
Free Cementite of Steels Annealed 72 Hours at 800 Degrees Cent. and Water-Quenched. 
Light Etching in Nital Does Not Reveal the Martensitic Matrix. > 1000. 


Fig. 14, Steel B. Fig. 15, Steel A. Fig. 16, Steel D. Fig. 17, Steel F. 
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was appreciably slowed down by the presence of scale on the speci- 
mens. 

Tendency to Formation of Graphite. In previously published 
researches by one of the present authors’ it has been shown that the 
tendency toward graphitization at sub-eutectoid temperatures could 
not be related to the amount of elements usually considered as pro- 
moting or inhibiting this phenomenon. This can readily be confirmed 
by referring to Table I, containing the chemical analysis of the 
steels, when it is recalled that steels B and E showed little tendency 
to graphite formation between 600 and 700 degrees Cent. (1110, 
1290 degrees Fahr.), whereas steels A, D, and F graphitized freely. 

On prolonged annealing above the lower critical the grouping 
of the steels is quite different as evidenced by the graphitizing 
tendency chart given in Fig. 11. Thus steel B which exhibited par- 
ticularly strong resistance to formation of graphite at 650 degrees 
Cent. (1200 degrees Fahr.), graphitized strongly and to about the 
same extent at each of the three lower temperatures studied, 760. 
800, and 840 degrees Cent. (1400, 1470, 1545 degrees Fahr) (Figs. 
5 and 6). On the other hand, steel E showed strong resistance to 
graphitization whether annealed below or above the eutectoid tem- 
perature. Steel D while graphitizing freely at 650 degrees Cent. 
(1200 degrees Fahr.) showed little graphite when annealed at 760 
to 840 degrees Cent. (1400-1545 degrees Fahr). Steels A and F 
both graphitized freely at two of the three temperatures studied 
within the critical range. The exceptions noted were at 760 degrees 
Cent. (1400 degrees Fahr.) in the case of A, and in the 840 degrees 
Cent. (1545 degrees Fahr.) treatment for F. Thus on the basis of 
graphitization the steels can be placed in two groups: 




























Sub-eutectoid Temperatures Within 
Temperature the Critical Range 
Prone to graphitization A, D, and F A,* B, and F* 
Resistant to graphitization B and E D and E 













In considering annealing temperatures above the lower critical 
it appears possible to correlate carbide instability with the chemical 
analysis of the steels. For the steels which graphitize, the silicon 
content is highest, 0.44, 0.27 and 0.27 per cent for B, A, and F as 
compared with 0.17 and 0.21 per cent for steels D and E. Again 





Tloc cit. 


*Steels A and F were resistant at 760 and 840 degrees Cent. (1400 and 1545 degrees 
Fahr.) respectively. 
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Fig. 18—Photomicrograph of Steel A, the Only Sample Showing Free Cementite 
oe Following 72 Hours Anneal at 840 Degrees Cent. Etched in Nital. 
2 > 

Figs. 19 and 20—Steels B and F Respectively Annealed 72 Hours at 760 De- 
grees Cent. and Water-Quenched. Etched in Nital. x 100. The Dark Areas are 
Martensite and the Sections Illustrate the Nature of the a-y Boundary and the 
Ferrite Grains. 
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for the graphitizing steels B, A, and F, the carbide stabilizer man- 
ganese is only 0.30, 0.31 and 0.32 per cent respectively, as compared 
with 0.42 and 0.40 per cent for D and E. It is of interest to note 
the algebraic sum of the impurities present in the steel with respect 
to their known tendency to promote (Si, Ni, Al and Cu) or to inhibit 
(Cr and Mn) graphitization (see Table V). The value for man- 
ganese used, is that in excess of the amount required to form MnS 
with all sulphur present in the steel. 





Table V 


Computation of Algebraic Sum of Weight Per Cent Elements Present Which Promote 
Graphitization (Positive) and Which Stabilize the Cementite (Negative), for Each of 
the Five Steels Investigated. 



































———G raphitizers ——, -—Stabilizers—, 
Per Cent 
Per Cent Per Cent PerCent Per Cent Mn Per Cent 
Steel Si Ni Cu Al over MnS Cr Total 
A 0.27 + 0.06 + 0.16 + 0.005 — 0.26 — 0.12 = +40.115 
B 0.44 + 0.06 + 0.12 + 0.000 — 0.26 — 0.005 = -+0.31 
D 0.17 + 0.112 + 0.10 + 0.011 — O.37 — 0.09 = —0.06 
E 0.21 + 0.08 + 0.08 + 0.000 — 0.35 — 0.03 = —0.01 
F + 0.16 + 0.08 + 0.025 — 0.29 — 0.06 = +0.185 





Whether fortuitously or otherwise, the greater the algebraic sum 
of these quantities the greater is the graphitizing tendency of the 
steels. Thus steels D and E with a negative summation are particu- 
larly resistant to dissociation of the cementite. Similarly steel B with 
the highest value for positive summation shows the strongest tend- 
ency to graphitize. 

In these computations it will be noted that it has been assumed 
that equal weights per cent of each of the elements have comparable 
effects on production or inhibition of graphitization. A review of 
the literature* was made in an attempt to obtain data pertaining to 
the relative effects of the chemical elements present in the steels. 
From various data relating principally to graphitization of malleable 
cast iron a relative graphitizing potency (positive or negative) has 
been deduced for chromium, manganese, nickel, aluminum, copper 
and silicon. Since the information on the effect of manganese was 
too uncertain, it has been assumed to be equal but opposite in effect 


ez Gregg and B. N. Daniloff, “Alloys of Iron and Copper Monograph,” page 273. 
L. Coonan, “Alloying Elements in Malleable Iron,’’ Foundry, Oct. 1933, page 43. 

H. A. Schwartz, “Graphitization in the ore of Nickel,’”’ Transactions, American 
Society for Steel Treating, Vol. XV, 1929, p. 957-7 

H. A. Schwartz, H. H. Johnson, and C. H. 3 “Retarding Effects of Certain 
Metallic Elements = Graphitization,’”’ Transactions, American Society for Metals, Vol. 
XXV, 1937, p. 609-3 

M. F. Renaud, Teens de Metallurgy Memoirs, 1933, p. 256. 
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to silicon. The following expression shows the relationship. 
— Cr = — 3/2 Mn = + 3 Ni = + 273 AL=+5 Cu = + 3/72 Si 
Using these relative factors for graphitizing or inhibiting power, 


Stee/ A Stee/B | Stee/D | Stee/E | Steel F 
105 C 100 C 0.98 C 100 C 


Fig. 8,13 


Annealed 840° C 


Colurnmnar ferrite 

Martensite free from excess carbides 
Large angular carbides 

Smel// spherical carbides | ln martensite 
Large —"— -"— groundmass 
Graphite 

Equiaxed ferrite 


Legend for Fig. 21 


Fig. 21—Diagrammatic Synopsis of the Relation Between the Annealings Tempera- 
tures of 760, 800 and 840 Degrees Cent. and 
(1) Amount, Shape and Size of Free Cementite 
(2) Graphitizing Tendency of the Steels : 
(3) Extent of the Effect of Partial Decarburization 
(4) Nature of Ferrite Grains in Peripheral Decarburized Zone. 
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and basing the computations on chemical analysis as was done in 
Table V the following values result (Table V1). 

The same general correlation is obtained with the steels having 
the greatest tendency toward graphitization (B and F) showing posi- 
tive algebraic summations, while those which lack this tendency (D 


Table VI 


Computation of Probable Graphitizing Tendency of the Steels, Using a Factor for the 
Relative Effects of the Elements in the Graphitizing or Carbide Stabilizing Tendencies. 


po Gra phitizer s——-———_,, -—Stabilizers—, 
Per Cent 
Per Cent Per Cent PerCent PerCent Mnx Per Cent 

Steel Six% Nix% Cux\ Alx3/2 over Mn Crx i Total 

0.18 + 0.03 0.008 — 0.17 —0.05 

0.29 i + 0.024 0.000 — 0.17 +0.115 
0.10 i + 0.02 0.016 — —0.165 
0.14 + 0.000 — —0.075 
0.18 ot 0.038 — +0.035 


WW HT 


and E) have high negative values. Steel A, although showing a 
negative value graphitizes at the higher annealing temperatures. 

It may be noted that B and A, the only two steels showing 
graphite formation at 840 degrees Cent. (1545 degrees Fahr.), con- 
tain the highest carbon content. Presumably this temperature is still 
below the Acm (or Agr) line for these steels, whereas the upper 
critical has been exceeded for steels D, E, and F, this fact bringing 
the last steel into the non-graphitizing group. 

It has already been noted that on prolonged annealing at 880 
degrees Cent. (1615 degrees Fahr.), a temperature which is above the 
upper critical for all steels considered, no evidence of graphitization 
was obtained. 

No,;relationship was observed between fracture grain size and 
tendency to graphitize. : 

Carbide Coalescence. Attention has already been directed to the 
angular or spherical nature of the free carbide particles, and 
typical microstructure are furnished in Figs. 12 to 18. A more 
readily correlated picture of the form in which the cementite devel- 
ops in the various steels at the three annealing temperatures, can be 
obtained from a study of Fig. 21. 

On annealing for 72 hours at 760 degrees Cent. (1400 degrees 
Fahr.) all steels contain groups of very small rounded carbides as 
well as large angular ones (see Fig. 12). All these steels are fine- 
grained. Upon increasing the annealing temperature to 800 degrees 
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Cent. (1470 degrees Fahr.), all small spheroidal carbides were appar- 
ently taken into solution, and the angular carbides in steels B and E 
assumed the circular form (Fig. 14). Both these steels coarsened 
to fracture grain size 3-4 during the 72 hour treatment. In steels 
A, D, and F the'angular form of the carbides persisted, and all three 
steels maintained their fine-grained characteristics. 

At 840 degrees Cent. (1545 degrees Fahr.) free carbide persisted 
only in steel A (1.09 per cent carbon) but the particles assumed a 
spheroidal form and the steel coarsened during treatment. Despite 
the apparent complete solution of the free cementite in D and F, these 
steels did not coarsen appreciably. This fact was equally true after 
annealing at 880 degrees Cent. (1615 degrees Fahr.). However, the 
steels are both high in metallic aluminum content. 

Decarburization and Resulting Ferrite Characteristics. No 
appreciable decarburization occurred during the initial treatment for 
1 hour at 1000 degrees Cent. (1830 degrees Fahr.), but all steels 
showed some surface loss of carbon during all subsequent annealing 
treatments. There were noted the usual zones of decarburization, 
one of ferrite, a second or diffusion concentration gradient of mar- 
tensite where all carbon had been taken into solution prior to quench- 
ing, and a third zone containing free excess carbides in a martensitic 
matrix which represented the true structure of the steel having the 
original carbon analysis. The lower the temperature of anneal the 
more abrupt was the change from the first to the third zone, and the 
greater the width of the pure ferrite peripheral band. 

While the amount of decarburization was naturally of the same 
order of magnitude in all steels, the difference in the width of the 
band of ferrite was sufficient to examine quantitatively. Fig. 22 
indicates that the steels (B and E) which were free from metallic 
aluminum, and had the coarsest austenitic grain size, exhibited the 
most decarburization in terms of free ferrite. 

The thinner ferrite band obtained with increase in annealing 
temperature is attributed to increase in rate of carbon diffusion. 
The absence of any ferrite band at 880 degrees Cent. (1615 degrees 
Fahr.) may not wholly be accounted for by increase in rate of diffu- 
sion of carbon. It is probable that the carbon lavite salt used in these 
experiments is actually less prone to produce decarburization at the 
higher annealing temperatures. 

The most interesting feature of this phase of the investigation 
relates to the shape, equiaxed or columnar, of the peripheral ferrite. 
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The reaction of ferrite to surface decarburization in this respect is 
summarized in Fig. 21 for all five steels at each of the three anneal- 
ing temperatures. 

According to the nucleating theory advanced by Green,® steels 


Thickness of Ferrite Rim- mim. 


Qo 
760° 800° 840° 880° 


Annealing Temperature C 
(72 Hrs.) 


Fig. 22—Relation Between 
Thickness of Surface Decarburized 
Ferrite Zone and Annealing Tem- 
perature for Each of the Five 
Steels Investigated. 


decarburized within the critical range should exhibit columnar de- 
velopment of the surface grains as the gamma-alpha inversion occurs, 
at constant temperature, by virtue of the loss of carbon. 

Since no ferrite band was found after annealing at 880 degrees 
Cent. (1615 degrees Fahr.) the following comments refer only to 
those temperatures of anneal, 760, 800, and 840 degrees Cent. (1400, 
1470, 1545 degrees Fahr.), which approximate the temperature 
interval between the lower and upper critical points. 

Only two steels, B and E, show columnarization at 760 degrees 
Cent. (1400 degrees Fahr.), and these two steels develop columnar 
ferrite at each of the three temperatures studied. Steels-A, D, and 
F exhibit quite definitely a truly equiaxed ferrite grain on treating 
at this lowest temperature, and the characteristic persists in steel D 
after surface decarburization at 800 degrees Cent. (1470 degrees 
Fahr.). At this intermediate temperature the other four steeis are 
at least partially columnar, but while steels A, B, and E are wholly 
columnar, a preponderance of equiaxed ferrite grains is found in 
steel F—designated as “mixed” in Table IV. 


%oc cit. 
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At 840 degrees Cent. (1545 degrees Fahr.) steels A, B, and E 
are again entirely columnar, and steels D and F, while designated as 
mixed, exhibit a greater proportion of equiaxed carbon free ferrite. 
Thus the tendency toward columnarization of the free ferrite in- 
creases as the temperature of anneal, within the critical range, is 
increased. This observation does not correlate with the nucleating 
theory of Green, and evidently some other factor has a controlling 
influence. The data indicate a relation between ferrite form and the 
size of the austenitic grain from which the ferrite develops iso- 
thermally. 

Steels B and E are typical coarse-grain steels having a low 
coarsening temperature, and both steels exhibit strong ferrite col- 
umnarization at each of the annealing temperatures. Steels D and 
F have fine-grained characteristics and are least prone to lose the 
normal equiaxed form of the ferritic grains. Steel A is intermediate 
in its reaction to austenitic grain growth on annealing, and forms 
equiaxed ferrite grains at 760 degrees Cent. (1400 degrees Fahr.) 
and columnar ferrite at the higher temperatures. 

Thus austenitic grain size appears to have a definite influence 
on the shape of the ferrite grains which develop at constant tempera- 
ture, within the critical range during surface decarburization. When 
the gamma grain is large, columnar ferrite is produced, and when 
the gamma grain is small, equiaxed ferrite may be anticipated. 

Two photomicrographs have been included to illustrate this fea- 
ture. Fig. 19 shows a section of steel B after annealing at 760 
degrees Cent. (1400 degrees Fahr.). The austenitic grain size is 
shown as 634, but the gamma size adjacent to the ferrite, while diffi- 
cult to approximate under the microscope, appeared very similar to 
that of steel E, which was clearly defined at 3-4 (Table IV). In the 
microsection, the tempered martensite was etched black in order to 
permit clear etching of the ferrite grains. Tempering of the marten- 
site occurred during mounting of the specimen to facilitate polishing. 

Fig. 20 illustrates the equiaxed ferrite obtained in a fine-grain 
steel decarburized at 760 degrees Cent. (1400 degrees Fahr.). In 
this section it is clearly shown that the size of the gamma grain 
(dark martensite) was comparable to the small size of equiaxed 
ferrite grain resulting from decarburization. In the center of the 
picture may be noted a single coarse austenitic grain. Adjacent to 
this transformed crystal, tendency to columnarization is apparent. 
Thus in general a coarse-grained steel forms columnar grains 
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and a fine-grain steel forms equiaxed grains of ferrite on decarburiza- 
tion. However, when austenitic grain growth occurs in the transition 
zone, between the peripheral ferrite band and the unaltered core 
(Table IV), the grain size of this transition zone is the controlling 
factor with regard to the type of ferrite grain developed. 

The nature of the boundary adjacent to the ferrite band merits 
a comment. When the intermediate martensite zone was finé-grained 
and adjacent to equiaxed ferrite, the alpha-martensite boundary was 
irregular and consisted of a mixture of fine-grained ferrite and mar- 
tensite. This characteristic is shown in Fig. 20. 

Green*® has drawn attention to the suggestion that duplexity, 
meaning the presence of both ferrite and austenite in localized areas, 
results in obstruction to grain growth, and hence in the development 
of small equiaxed grains. 

When the intermediate zone was coarse-grained a fine clearly 
defined boundary existed next to the columnar ferrite, as shown in 
Fig. 19. 

The tendency for columnarization from the coarse martensite 
grain in steel F at 760 degrees Cent. (1400 degrees Fahr.) (center 
of Fig. 20) has already been mentioned. It is of interest to note the 
sharp nature of the boundary in this localized area, as well as the 
freedom from interpenetration of the austenite (martensite )—ferrite 
phases. 


CoNCLUSIONS 


1. All the steels fully hardened when water-quenched from 
760, 800, and 840 degrees Cent. (1400, 1470, 1545 degrees Fahr.) 
after annealing for 72 hours. However, the quenching rate in some 
steels approximated very closely to the critical cooling rate even when 
the steels were free from scale. The reason for imperfect hardening 
under similar heat treatment noted in the earlier work on gradient 
tempering was evidently due to the presence of scale on the surface 
of the steels. 

2. The factors controlling graphitization above the euctectoid 
inversion are different from those obtaining at ‘sub-critical tempera- 
tures. Graphitization within the critical range has been shown to 
correlate with the relative amounts present of known graphitizing 
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elements (Si, Ni, Al and Cu) and carbide stabilizers (Mn and Cr). 

3. A relationship has been shown between fracture grain size 
and shape of the massive carbide particles. Angular carbides are 
associated with fine-grained steels and equiaxed or spheroidal car- 
bides with coarse-grained steels. However, it is probable that the 
same factor which controls austenitic grain size also controls the 
shape of the carbides, rather than that carbide shape is dependent on 
gamma grain size. When the carbide shape changes from angular 
to spheroidal form, an increase in fracture grain size is noted. The 
steels low in chromium and aluminum are more susceptible to the 
development of round carbide particles. 

No relationship was observed in carbide forms obtained below 
and above the eutectoid inversion temperature. 

4. Prolonged annealing in carbon lavite results in surface de- 
carburization at temperatures from 760 to 840 degrees Cent. (1400- 
1545 degrees Fahr.), producing ferrite. A correlation was found to 
explain the reason for development of equiaxed or columnar grains in 
the resulting ferrite. Decarburization of steels having large austenitic 
grain size generally resulted in columnarization. With small austenitic 
grains an equiaxed grained ferrite was usually obtained. 

It is important to emphasize that the austenitic grain size which 
controls the nature of the ferrite grains is that of the intermediate 
partially decarburized austenitic (martensitic) zone, adjacent to the 
ferrite. As clearly shown in Table IV, this grain size is not always 
the same as the true grain size of the steel. 

5. All steels were fine-grained on annealing at 760 degrees Cent. 
(1400 degrees Fahr.). At 840 degrees Cent. (1545 degrees Fahr.) 
steels with low metallic aluminum content coarsened while steels 
F and D containing 0.025 and 0.011 per cent aluminum remained 
fine-grained. 


DISCUSSION 


Written Discussion: By H. A. Schwartz, manager of research, National 
Malleable and Steel Castings Co., Cleveland. 

This commentator’s interest in the paper largely centers about the obser- 
vations with regard to graphitization. The authors have been able to show 
that the tendency of these steels to graphitize can be related to chemical com- 
position if certain assumptions are made regarding the relative potency of 
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The authors have gone into no detail as to how they arrived at the nu- 
merical value of the several coefficients used in Table VI. This is perhaps 
wise because these coefficients would admittedly be considered as rounded out 
approximations. It is quite doubtful whether there would be any general 
agreement with regard to the approximate accuracy of the numbers chosen by 
the authors. 

The writer’s experience would have been that aluminum is relatively 
much more potent than an equal weight of silicon and that very possibly both 
aluminum and silicon should be placed at a greater activity with respect to 
nickel than has been done. The writer might also have been inclined to 
make a greater difference between chromium and manganese than did the 
authors. Depending upon the choice of these coefficients the order of graph- 
itizability might have been somewhat altered. The present state of our knowl- 
edge as to the joint effect of several elements, all of which individually affect 
graphitization, probably does ‘not justify too critical a survey of the relative 
effectiveness of the several elements in combination and the conclusions of the 
present authors may be filed away among our information on this point. 

It is well to mention in the present connection a fact consistent with the 
authors’ observations but not directly referred to in their paper. An effect 
of a given element certainly varies with the temperature and very probably 
in sOme cases varies discontinuously at the critical point, thus it has been 
known’ for some years that manganese and chromium even in moderately large 
amounts retard the graphitizing reaction above the A: point much less than 
below the A; point. There is even greater probability that the relative effect 
of these elements is altered according to the temperature at which the graph- 
itization is to be pursued. Conversely there is some evidence that the element 
vanadium is more of a retarder at high temperature than at low although this 
point is not so thoroughly worked out. It is not therefore surprising that a test 
which explained the authors’ observations to their satisfaction above A: does 
not necessarily turn out equally satisfactory below A:. Whatever else may be 
said of the coefficients as shown in Table VI it seems quite certain that 
this coefficient would change in passing through the critical point. 

Some years ago Anthony suggested that the graphitization of cementite 
was always preceded by its spheroidization. The present writer was never 
convinced that any relation of sequence as to spheroidization and graphitiza- 
tion necessarily existed. It does not appear from Fig. 21 of the present 
paper that Anthony’s contention could be sustained. 

It is noted that steels A and B annealed at 840 degrees Cent. for 72 
hours contained in the one case graphite and cementite, in the other case graphite 
alone. We are not given any quantitative information upon which to con- 
clude whether this is due to the relatively high carbon of these two steels, 
the excess phase representing merely some five or nine hundredths of a per 
cent of insoluble excess carbon, or whether the authors prefer to ascribe this 
in some way to a reaction or solution velocity. It would be particularly diffi- 
cult to ascribe the persistence of graphite in steel B to any such phenomenon 
since at least in higher carbon alloys it seems rather well established that in 
order for carbon to get to the place where it is crystallized out it must be 
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in solution. The graphitization of cementite in situ is certainly a very rare phe- 
nomenon and probably does not occur at all. The only means we have for 
judging the amount of graphite in these samples is micrograph 4, which would 
seem to represent much more than a few hundredths of a per cent of graphite. 

With regard to steel B we have no facts at all. It would furnish an 
interesting addition to the information imparted to us by the authors if they 
would supplement ‘their microscopic work with chemical information as to the 
total and graphitic carbons present. 

It may not be amiss to point to the fact that many investigators have 
had difficulties in rigidly accounting for observed graphitizing rates. The 
point was alluded to by Dr. Wells a year ago in connection with some of 
his work on pure iron-carbon alloys and has been frequently encountered by 
others. 

The more work is reported dealing with observed graphitizing rates under 
controlled conditions the sooner we will be able to formulate a satisfactory 
hypothesis upon which to base predictions regarding the velocity of this im- 
portant reaction. The present paper is a contribution toward that end. 







Authors’ Reply 


The authors appreciate the interest Dr. Schwartz has taken in this paper 
and the discussion he has presented. 

The coefficients used for each of the elements as regards their graphitiz- 
ing potency are the best which we have been able to cull from the literature. 
These references are given in the bibliography on the bottom of page 15. 
Such coefficients undoubtedly would change with temperature and be affected 
by the presence of the other elements; nevertheless, we feel that the substitu- 
tion of such modified chemical values (Table VI) is preferable to a straight 
summation of weight per cents (Table V) and this latter is preferable to no 
summation at all. 

The relationship we give on page 16 shows that aluminum was assumed 
to be two times as strong a graphitizer as silicon. This agrees with Dr. 
Schwartz’s statement that weight for weight aluminum is more potent than 
silicon. The heading over the fourth column of figures in Table VI was in 
error in the preprint, reading “Al x %.” This is to be corrected to read 
“Al x 3/2.” Undoubtedly this error was the basis of Dr. Schwartz’s com- 
ment. Because aluminum is present in such small amounts it could have been 
assumed to be many times more potent, without affecting the order. Likewise 
it could be assumed that nickel is many times weaker. Any marked changes in 
the graphitizing effect of manganese, however would upset the order. 

Dr. Schwartz points out that the effect of the various elements on graph- 
itization is different above and below the A:. This is to be expected inasmuch 
as the solvent above A; is austenite and below is ferrite. It will be extremely 
interesting to know how the chemical analysis affects graphitization below 
the Ax. 

With regard to the necessity of spheroidization preceding graphitization, 
we must first consider what is meant by spheroidization, and second, we must 
distinguish between graphitization below and above the A: Regarding the 








42 TRANSACTIONS OF THE A. S. M. March 


first point, are such structures as those shown in Figs. 15 to 17 “spheroid- 
ized” even though angular? If not, what is the name of such a structure? 
Regarding the second point, Austin and Norris have pointed out that in those 
steels which graphitize below the A: the carbides are round as compared 
with those steels which do not graphitize. We can see no reason, however, 
why they should be round. 

As shown in Fig. 21 steel A has both cementite and graphite at 840 
degrees Cent., steel B has only graphite, and steel F shows neither. Steel A 
is apparently below the Acm at 840 degrees Cent. with its 1.09 per cent car- 
bon so that both graphite and cementite are present. We have recently com- 
pletely graphitized a 1 per cent carbon steel below the A: and a comparison 
of the graphite in this steel with that of Fig. 4 indicates that there is less 
than 0.1 per cent graphite in Fig. 4. Steel B, with 1.05 per cent carbon, 
was apparently between the Acm and Agr at 840 degrees Cent. and so had 
graphite but no cementite; the quantity present was the same as shown in 
Fig. 6. Steel F, which showed neither, was above the Aer, having but 1.00 
per cent carbon. 

We would like to emphasize one of the points we have been trying to bring 
out in these recent papers relating to graphitization on prolonged tempering 
below the critical. Steel B, we think it is, which has the maximum silicon con- 
tent of the steels treated, 0.44 per cent, has the greatest resistance to graphitiza- 
tion. Silicon is an element we look upon as being most prone to promote 
graphitization, and steel B, below the critical, is most resistant. 

Below the critical range we do not seem to obtain a correlation between 
the general chemical analysis and the graphitizing tendency of the steel. This 
morning. however, we have tried to show that the conditions above the critical 
are quite different, and apparently we do get a correlation between the general 
chemical analysis and the graphitizing tendency of the steel. Steel B, with 
a silicon content of 0.44 per cent, is one of the strongly graphitizing steels. 

It has been suggested elsewhere by the speaker that aluminum may be 
the element which tends to promote graphitization at sub-eutectoid tempera- 
tures, but further research is necessary before any definite statement can be 
made. Above the critical point we have shown in the present paper a cor- 
relation with the generally accepted ideas on effect of chemical analysis. 



































SELECTIVE HARDENING WITH THE 
OXYACETYLENE FLAME 


By R. L. Rotr 


Abstract 






In making possible the surface hardening of parts 
heretofore considered impractical from a standpoint of 
size, shape or economy, the oxyacetylene flame has pro- 
vided the metal working industry with a new tool. This 
paper discusses this process and data are given on suitable 
steels and on methods and equipment employed. 





HEN surface hardening is mentioned, one ordinarily thinks 

of those processes which involve a chemical change in the 
surface of the material treated. With the oxyacetylene flame a 
hardened case may be imparted to a steel surface without altering 
its chemical composition. 

For years oxyacetylene flame has been widely employed in the 
heating of ornamental iron work, pipe bending, blacksmithing, heat 
treating tools, etc. Recent research has increased our knowledge of 
its application, developed new controls and has given added impetus 
to its application to the heat treating industry. 

The trend of modern heat treatment has been toward uniformity 
and neutral gas atmospheres within the furnace; toward accurate 
temperature control, toward a standardized routing of mass produc- 
tion, insuring that each one of thousands will receive exactly the same 
treatment. Substituting for these a small oxyacetylene flame with- 
out pyrometer control may appear unorthodox and a step backward, 
however such a supposition does not take into consideration the fact 
that this flame is the most precisely and completely controlled of all 
flames. Its temperature, though high, is unvarying and, when 
correctly adjusted, the gas atmosphere is neutral or reducing and is 
therefore without chemical effect on the heated metal. In production 
its action is so rapid, that the operators proceed with a rhythm and 
smoothness which is the ideal of production engineering. 

Many wrong impressions have developed regarding the phrase 
“hardening with the oxyacetylene flame’ and it may be well to 
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examine and study certain aspects of this method of heat treating. 
This phrase does not mean the firing of heat treating furnaces with 
acetylene gas, and while this has been proposed many times where 
high temperatures have been desired, it has always been discarded 
in favor of cheaper gas or oil in a properly designed furnace; then 
too, the intense oxyacetylene flame would quickly soften and erode 
the refractory lining. 

Heat treating with the oxyacetylene flame does not mean case 
hardening with acetylene gas, as this gas is not a desirable carburizing 
material, furthermore, it tends to change its chemical nature spon- 
taneously with liberation of large quantities of heat when exposed to 
high temperatures and pressures. 

This method of hardening imparts a hardened layer to the sur- 
face of the material without altering its chemical composition. Since 
no chemical change is effected in the surface of the material, this 
process must be differentiated from those which require the absorp- 
tion or addition of other elements, such as carburizing, nitriding, 
cyaniding, etc. 

These latter processes require prolonged heating at high tem- 
peratures in special furnaces, thus making many. jobs prohibitive, 
from a standpoint of size and shape. The long time cycle at elevated 
temperature often results in excessive distortion involving expensive 
straightening operations or costly machine work, with the necessity 
for allowing ample stock to take care of this anticipated distortion. 

In many instances only portions of an object require hardening, 
and in such cases it appears wasteful; for example, to heat a 7000- 
pound body to a temperature of 1700 degrees Fahr. for a period of 
90 hours when only about 10 per cent of it requires hardening. For 
mass production of small parts which are to be uniformly hardened, 
the furnace method is probably the most economical, but there are 
instances where parts are of such proportion that they become too 
bulky to handle by the furnace method. Some designs are such that 
there is danger of distortion or cracking when using the furnace 
method. In such instances the acetylene flame may well be used to 
advantage, since that process permits the hardening of any accessible 
portion of an article with no measurable distortion. 

This oxyacetylene process employs the use of a standard weld- 
ing blow pipe, the standard welding tip being replaced with a 
specially designed multi-tip or multi-flame head which locally heats 
the surface of the object being treated. A cooling arrangement either 
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incorporated in the head or designed to closely follow the torch, cools 
the heated part of the object as fast as it is brought to the desired 
temperature. 

This method produces no scaling or pitting and the hardened 
surfaces are left clean and smooth, but precaution has to be taken, 
because a température of 6300 degrees Fahr. is applied at a distance 
of only % inch from the surface we desire to heat to a temperature 
range of only 1450 to 1550 degrees Fahr. Positioning the flame too 
close to the work, or applying it for too long a time, may result in 
searing or burning the surface material and producing a brittle and 
coarse underlying grain, or it may result in overhardening and sur- 
face checking. 

Unless the section being treated is exceptionally small this treat- 
ment will not affect the entire area but will be confined to a depth 
ranging from a mere skin to a maximum of % inch. 

The rate of heat induction is an important factor. The torches 
must not move too slowly to cause burning of the surface, nor must 
they be moved too rapidly as the proper depth of penetration could 
not be obtained. An efficient and satisfactory rate has been found 
to be between 4 and 6 inches per minute. 

Heat conduction is as important as heat induction. Quenching 
solutions are employed to dissipate heat from the surface of the 
object being hardened so as to develop certain desired properties in 
the metal, these properties generally being crystalline refinement, 
increased strength and increased hardness. 

Heretofore when reference was made to quenching, one pictured 
a heated mass being plunged into a liquid bath. Flame hardening 
alters this picture, for the part is quenched as rapidly as it is heated 
and only a small area, shallow in depth, is heated at one time. 

As we review the mechanism of quenching employed in this 
process, we find several varied forms of application starting with 
the earliest form arrangement whereby the object, such as a gear, is 
suspended directly over the quenching tank, and as each tooth is 
heated the object is rotated so as to bring the next tooth in line with 
the torch and at the same time immerse the heated tooth in the liquid 
quenching bath. 

It is only a short step from this procedure, to the rotary method 
of heating small objects, where the components are rotated in front 
of one or more torches and when they have reached the desired tem- 
perature they are rapidly ejected into a cooling bath. 
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In rotary hardening of large circular sections or on straight line 
progressive hardening, some arrangements use a small water jet 
directly behind the torch (Fig. 1). While this set-up will produce 
satisfactory results, the ideal method is where the torch head is 
designed for both heating and cooling as illustrated in Fig. 2. 
With this arrangement, the head is divided into two compartments, 
the forward portion acting as a heating element while the rear orifices 
are designed to handle the prescribed quenching medium. 


Fig. 1—Photograph of Quenching Nozzle Directly Behind Heating Torch. 


The most common types of quenching media include (1) water 
and aqueous solutions of salts, acids and alkalies, and (2) mineral, 
vegetable and animal oils. Using still water at 68 degrees Fahr. as 
a base unit for comparing quenching rates, the A.S.M. quotes as 
follows: 


Quenching Media at 68 Degrees Fahr. 

Still water 

Still 5 per cent sodium chloride 

Still 5 per cent sodium hydroxide 

Still 5 per cent calcium chloride 1.06 

Still mineral oils (Vis. 75-250) 0.17 to 0.36 
Still vegetable oils (Vis. 200-1500) 0.15 to 0.37 
Still animal oils (Vis. 130-270) 0.19 to 0.35 


Of all the quenching media, water is the most convenient, but as 
the temperature is increased the rate drops, and at the boiling point 
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the quenching power falls to about 10 per cent as compared to water 
at 68 degrees Fahr. 

A more efficient quench is found in sodium chloride solutions. 
Five and ten per cent solutions are the concentrations more commonly 
used. Stronger: concentrations are often recommended but are to be 
avoided. These solutions have the disadvantage of causing rapid 
corrosion and it is essential that all parts be completely rinsed after 
quenching. Sodium hydroxide solutions are about on par with the 


Fig. 2—Flame and Water Orifices Incorporated as a Unit in the 
Straddle-Type Heads. 


chloride solutions, but instead of corroding, they give a bright finish 
to the material. In using this medium, only solutions of low concen- 
tration are to be recommended as these solutions cause skin irritation 
and require special handling. 

The aqueous solutions all have a fast cooling rate and on account 
of this, they are strictly confined to the carbon steels of low or 
medium carbon, or the alloy steels possessing a low or medium car- 
bon content. 

The oils have about one-fifth to one-third the cooling rate of 
water and will produce less distortion and less residual stress and 
make an ideal quenching medium for complicated shapes and steels 
of high alloy content. 
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Except for rotary quenching of small objects, where the parts 
may be ejected into the bath, the quenching media used in torch 
hardening are confined to the aqueous type, thus, for the present, 
we are more or less confined to the more rugged analysis in the 
water quenching category. 

It should not be misconstrued from the preceding paragraph, 
that the process is entirely limited to water and solution quenching 
steels, as other analyses have been successfully treated, but this is 
usually accomplished by the use of extreme care, or by the employ- 
ment of trick quenches, such as sprays, air, soap solutions, etc. 

Carbon content is the governing factor in the heat treating of 
straight carbon steels and to obtain any appreciable degree of hard- 
ness, the material should contain at least 0.35 per cent carbon. Rais- 
ing the carbon content increases the resultant hardness, but there is a 
limit of carbon content which can readily be solution quenched. 
Steels containing 0.60 per cent carbon or greater may be torch hard- 
ened but care must be exercised to prevent surface cracking or check- 
ing. The low carbon alloy steels are the most desirable to harden 
by this method whereas the higher alloy steels present a more com- 
plex problem and many in this category are to be avoided. Table I 
lists many of the steels which may be successfully hardened by this 
procedure. 

Fine grain steels with only a slight abnormality and having a 
McQuaid-Ehn rating of 6-8 are preferable, as this combination 
develops a martensitic structure in the hardened zone without the 
usual martensitic cracks. 

Since flame hardening is only surface hardening and only a 
comparatively thin layer is treated, it is of the utmost importance 
that this surface be in the proper condition to successfully respond to 
this operation. Decarburized zones are to be avoided. The compo- 
nents must have the requisite carbon content at the surface as well as 
underneath. 

The surfaces to be hardened must be scale-free as scale retards 
the quench and maximum hardness will not be attained. Pits, blow 
holes, seams and laps, are material objects which are to be avoided as 
these most generally result in the formation of large surface holes, or 
develop into cracks during the quenching operation. 

When selecting steels to be hardened by the oxyacetylene flame 
method it should not be overlooked that this process changes the 
structure of the outer fibers only. As there is no hardening from + 
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to % inch below the surface, expensive alloy steels should not be 
used unless they are to be quenched and tempered prior to the torch 
hardening operation. This operation imparts a wearing case only, 
and in no way does it alter core strength. Many instances may be 
cited, where manufacturers have replaced highly stressed parts fabri- 
cated from quenched and tempered alloy steels possessing high physi- 











Table I 

Steels That May Be Successfully Hardened by the Oxyacetylene Flame Method 
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cal properties but with rather low surface hardness, with a carbon 
steel as-forged or as-cast flame hardened unit having a high surface 
hardness but low physical characteristics of the core. Substitutions 
of this type usually result in premature failure and the condemning 
of the flame hardening process. 

Wherever possible, flame hardening of steels in the as-cast or 
as-forged condition should be avoided. For best results the parts 
should be heat treated by either quenching or tempering to a sorbitic 
structure, or by normalizing to produce a grain size which closely 
approaches the heat treated structure. 

Flame hardening a part that had been in service should never 
be done unless the part had been annealed to relieve all working 
stresses prior to the hardening operation. Flame hardening sections 
which have been already torch hardened, in an attempt to improve 
on the first operation, may often lead to disastrous results, unless the 
section is annealed prior to the second treatment. 

The degree of hardness obtained is between 400 to 700 Brinell 
or 56 to 90 Shore, depending upon the analysis of the material, size 
of section and speed of operation. This hardness is maintained 
through about 80 per cent of the depth of the hardened area. The 
core is not affected and there is no rapid falling off of the hardness, 
the transition from case to core being gradual (Fig. 3). Instan- 
taneous pressure quenching following the flame produces a bond be- 
tween the hardened area and the core. 
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A sharp line of demarcation between these two zones is not 
observed as the hardened zone and the core gradually blend without 
any marked precipitation of free ferrite either in or below the grada- 
tion zone, thus flaking and spalling under service stresses are avoided. 

This process may be adopted to both castings and forgings. 
The size of either is not a limiting factor and if the part is fabricated 
from material of the proper analysis, and the sections which require 
hardening are readily accessible, then the part may be flame hardened. 


Brine// Hardness 


200 


100 
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Depth below Surface-/nches 

Fig. 3—Curve Showing that the Hardness Transition 
from Case to Core is Gradual. 
Flat sections, circular paths, irregular shapes and varied com- 
binations may be successfully hardened by this method. These varied 
shapes place the hardening procedures into several classifications 
according to the direction of movement of either the part being 
treated or the movement of the torches along the work. 

This classification may be generally divided into the four follow- 
ing groups: 

1. The stationary or spot hardening method. During this process 
the torch and work are stationary during the treatment. 

2. The progressive method, where the torches travel along the 
face of the object, such as gear teeth, track rails, etc. (Figs. 4 and 5). 

3. The spinning method. On circular hardening the specimen 
is spun or rotated in front of a stationary flame. This method may 
be subdivided into two parts according to the speed of rotation: 

(a) Where the part is rotated very slowly in front of a station- 
ary flame. This method usually leaves at the starting and stopping 
points a narrow oblique path which is generally two or three points 
softer on the Rockwell than the adjacent hardened areas. This 
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method is used on large circular sections such as track wheels, 
sheaves, bearing surfaces, etc. 

(b) This subdivision covers the spinning of the work at a fair 
rate of speed (between 70 to 150 revolutions per minute) in front 
of one or more‘ torches. When the entire area has reached the 
proper quenching temperature, the rapidly rotating specimen is 
quenched by permitting it to spin under a cooling spray or by ejecting 
the part from the machine into a prescribed coolant. This method is 
employed in the hardening of small parts, such as small rollers, 
pinions with small teeth, etc. 

4. The combination method, which combines both the progres- 
sive and spinning methods and is applied to rounds where a consider- 
able area is to be heated. In this method the work is rotated before a 
blow pipe which gradually traverses the specimen longitudinally. 


EQUIPMENT 


There are several types of flame hardening machines used in the 
United States, the Monitor construction, Sykes machine, the Gleason 
design and the Universal type. 

The Monitor type, probably the most widely used for progres- 
sive hardening, consists of mounting the torches on one of the 
standard oxyacetylene cutting machines. The speeds used in torch 
hardening coincide with those obtained on the cutting machines, thus 
making this an ideal traversing device. 

Variable speeds of travel on all types of machines permit uni- 
form treating of sections of different sizes and tapering cross sections. 

For general application the equipment consists of a large capacity 
water cooled oxyacetylene blow pipe and various types of water 
cooled multi-flame heads which pass about 300 cubic feet of each 
gas per hour. There are many applications where this large capacity 
head is not applicable, as on small work. In such cases a smaller 
mixer is all that is required. 

In gear hardening the head is designed to allow operation in the 
restricted area between the teeth. 

Although it has been the practice until quite recently to flame- 
harden the opposite sides of each tooth separately, the desirability of 
perfecting a method whereby both sides of the tooth could be hard- 
ened simultaneously has long been apparent. This has led to the 
develooment of “straddle type” heads that make simultaneous treat- 
ment possible. 
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Foremost among the advantages of the new method is that the 
gear may be hardened in one-half the time formerly required. In 
addition to time saving there are two additional advantages of the 
method over that of hardening each side separately. 


Fig. 4—Photograph Showing the Progressive Method of Torch Hardening Where the 
Torches ‘Travel Along the Face of the Object. 


1. The elimination of the softening of the first side of the tooth 
treated. With the old method, heat applied to the second side of the 
tooth had a tendency to soften the side already treated. In contrast, 
the simultaneous application by the straddle method leaves both sides 
of the tooth hardened uniformly. 

2. Distortion as the result of single sided treatment is eliminated. 
Because the straddle method provides for heat and quench striking 
both sides of the tooth simultaneously, the tendency for small teeth 
to distort is overcome. 

These heads are used in pairs, a right-hand and a left-hand head 
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the making up a set. This combination is not strictly confined to gear 
In teeth but the heads can be used for the hardening applications such 
the as splines, keyways, wobbler ends, grooves, etc. 


Their small size allows exact portioning in limited spaces thus 
permitting more accurate control in directing the flame towards the 
portions of the tooth surface desired to be treated. 





e the Fie. 5—Photograph Showing Torch Hardening of Both Sides of a Gear Tooth Simul- 
taneously. 














tooth Good workmanship is easily attainable, as an exact relationship 
f the between the heating and quenching is constantly maintained by the 
trast. flame and water orifices incorporated as a unit in each head. In addi- 
sides tion, the arrangement of the heating orifices compensate for varying 

thicknesses of the tooth and assures a symmetrical case. The closer 
sated. spacing of the orifices at the bottom of the head gives the greater 


‘iking concentration of heat where the surface is backed by the greatest 
teeth mass of metal. 

To insure equal hardness and contour on each side of the tooth, 
‘bend the distance from tooth faces to head faces must be equal, and the 
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flame intensities and gas ratios the same. The leading flames of the 
heads must arrive at the entering end of the tooth at the same time. 

Care should be taken to avoid overheating the tooth at the start 
of the operation. The time required for the quench to strike the 
edge of the tooth after the machine has been put into motion may be 
sufficient to overheat the tooth if the starting point is too long. 

Too great an initial preheat tends to deepen the case across the 
entire tooth. 

Quenching pressures are important, especially on the small tooth 
sizes. Too much pressure will interfere with the flames, and too little 
pressure may not produce sufficient hardness. 


Oxygen Acetylene Quench Operating 

Size Pressure Pressure Pressure Speed in. 

Head Lb. Per Sq. In. Lb. Per Sq.In. Lb. Per Sq.In. Per Min. 
lt DP. 28 5 8 4y, 

2 D.P. 40 5 3 

3 DP, 17 5 1.5 


4V2 
5 


When treating gear teeth of sizes other than those indicated in 
the table, select the head which gives the best coverage to the tooth 
face. The head size number will usually be larger than the gear 
tooth D.P. For example, 212 D.P. gear teeth may be hardened with 


3 D.P. heads using a lower operating speed than the speeds indicated 
in the table. 


Stress RELIEVING 


Tempering or stress relieving is absolutely essential and should 
follow closely after quenching. This operation is performed in a 
standard type heat treating furnace or air or oil bath at temperatures 
not to exceed 400 degrees Fahr. This low temperature is sufficient 
to relieve the stresses set up by quenching but has very little if any 
effect on the hardness. After this tempering operation the work 
may be removed from the furnace and cooled in still air or may be 
furnace cooled if desired. 


DISCUSSION 


Written Discussion: By J. T. Howat, metallurgist, American Spiral 
Spring and Manufacturing Co., Pittsburgh. 

In covering this process of heat treating Mr. Rolf has prepared an excel- 
lent paper in a thorough and practical manner. After reading the paper over 
and being requested to make some comments on same one finds that there 
appears to be very little left to say except to offer congratulations to the 
author. 
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The careful application of the process cannot be too fully stressed as the 
improper use of the oxyacetylene flame (when the process is first attempted) 
has resulted in some very unsatisfactory results being obtained. 

It is gratifying to note the importance placed on the need for careful 
setting up of the torch tip to the surface to be hardened and the time factor 
required to obtain the correct amount of heat in the surface metal and the 
proper degree of quenching. 

When it is desired to obtain a greater depth of hardness, than say +s 
inch, it is necessary to apply more heat to the surface either by increasing the 
size or number of holes in the tips. This will naturally impact more heat into 
the body of the steel and there will be more distortion after heat treating than is 
usually experienced. To keep this distortion to a minimum, full strain relieving 
heat treatments should be given to the part before flame hardening and while 
hardening it should be immersed in water as much as possible. The main 
idea being to reduce the amount of this body heat to the minimum. 

As the process calls for balanced and standardized operating conditions 
for each respective part to be heat treated, we should not lose the fact that 
our source of fuel must be such as to give a constant supply of gases at uni- 
form pressure. To do this a 3 or 5 cylinder manifold system for the gases is 
required, and a constant water supply, unaffected by the other demands of the 
plant for water. 

The list of steels shown in Table I covers the range of steels that can be 
successfully flame hardened, and as stated by Mr. Rolf increasing care must 
be taken in the process of hardening as we change from the medium carbon 
steels to the higher alloy steels. 

With the alloy steels a quick preliminary preheating of the surface and a 
gradual tapering of the heat and quenching action towards all corners will help 
to eliminate surface cracking. 

Where the slower quenching mediums are used one must apply a general 
quenching effect on the rest of the part to keep down the steady building up 
of residual heat in the part being treated. The type of equipment, and method 
of applying the heat and quench is always governed by the piece being treated 
and results desired. It should be noted that if the size or number of holes in 
the torch tip is too small for the surface being treated we will develop exces- 
sive body heat before obtaining the correct surface heat, which condition is 
unsatisfactory and uneconomical. 

With the conditions reversed, i.e., too much heat being applied to the sur- 
face we obtain a coarse grain, surface cracks and possible burning of the sur- 
face metal. 

When the surface is heat treated in the progressive method, care must be 
taken that the merging of the treated areas does not overlap too much or there 
will be double quenching which will result in surface cracks. 

It is suggested that, where possible, a tempering treatment of 400 degrees 
Fahr. be given the parts after surface hardening. 

It has been a pleasure to read this paper and offer a few comments, and I 


believe that Mr. Rolf should be highly complimented for this fine piece of 
work, 
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Written Discussion: By R. P. Donnell, metallurgical engineer, The 
White Motor Co., Cleveland. 

The subject of this discussion is not particularly new, rather it is due to 
increased application resulting from more recent research that makes the sub- 
ject of flame hardening extremely interesting not only from an academic 
standpoint but from the practical industrial standpoint as well. 

We have for some years been familiar with the advantages of speed, 
economy, freedom from distortion, etc., on many small jobs found in either the 
heat treat or blacksmith shop. At the White Motor Co. factory we have 
used this method to advantage on such parts as valve tappet adjusting screws, 
camshaft thrust screws, valve stem thrust caps, and transmission side plates. 
But when we review the possibilities that are opened by recent development, 
we look upon the process with renewed interest. 

Mr. Rolf, in his paper, has not definitely indicated it as such but I think 
that one of the most important features of the process is that it reduces dis- 
tortion to a negligible degree on many jobs which would be prohibitive from 
this point alone. At the same time, neither should we minimize the importance 
of ultimate cost savings which result from speeding up work in the factory, 
more economical use of materials, and all the contingencies which these include. 
Other advantages to be noted are— 

1. Reduced scrap losses, as the quality of work from the process is uni- 

form and accurately controlled. 

Reduced cleaning costs. 

Less expensive steels may invariably be used. 

The equipment can be moved to work that ordinarily cannot be accom- 
modated by the usual hardening methods. 

Another major advantage, which I believe will result in wider acceptance 
of the process, lies in the fact that core properties may be developed by usual 
hardening methods that are fully retained after selective flame hardening. In 
the case of gear steels, whereas we are now using, and limited to, a high alloy 
carburizing type, carburized and heat treated to an elastic limit of 105,000 to 
135,000 pounds per square inch, and all design combinations are limited to this 
figure, we may, with this new process, substitute a much less expensive type of 
steel and develop an elastic limit of 150,000 to 175,000 pounds per square inch 
with all other advantages included. 

As regards the selection of steels for flame hardening, Mr. Rolf has given 
us a table of those which may be successfully hardened by this method. We 
are all familiar with the fact that certain types of steel, even though others may 
be substituted, are best suited to a given purpose. I would like to raise a point 
for further discussion by asking if it is known what steels are best suited to 
a particular method of the flame hardening process. For example, if an S.A.E. 
6140 steel can be hardened by any of the classified methods, such as spinning, 
etc., will another type, such as S.A.E. 3140 or 6195, be limited to one of the 
methods ? 

Written Discussion: By Roger O. Day, metallurgist, Process Develop- 
ment Laboratory, Linde Air Products Co., Newark, N. J. 

In his discussion of the flame hardening process, Mr. Rolf has presented 





1939 DISCUSSION—OXYACETYLENE FLAME HARDENING 57 


much information of importance and interest. It is felt, however, that certain 
of the points presented might well be emphasized and enlarged upon to a degree 
not possible in the space allotted to the paper. This discussion is, therefore, 
submitted not in a spirit of criticism, but rather as a supplement to that already 
presented by Mr. Rolf. 

The first point to be emphasized is that the flame hardening process is 
definitely not one for haphazard, hit-or-miss operation, but is conducted under 
controlled conditions that permit a high degree of consistency in results: from 
piece to piece. It is not to be denied that the human element plays a part, 
but any operator of average intelligence who exercises a reasonable amount of 
conscientious care in his work can be expected to produce satisfactory and 
consistent results in flame hardening. The most important factor in obtaining 
the best results is mechanization of the process to the greatest possible degree. 
Further than that, many applications are adaptable to automatic control to 
such an extent that the operator’s only duties are to position the heating heads 
and then press a starting button to start the operation. Users of the process 
are strongly urged to install automatic control where possible, particularly 
where there is a high degree of repetition in the type of part treated, and cer- 
tainly all users of the process should make flame hardening operations as 
mechanical as possible, even though manually operated. 

In his discussion of quenching media, Mr. Rolf points out the comparative 
efficiencies of various liquids. The data presented, however, deal with still 
baths whereas the vast majority of flame hardening applications involve the 
use of a spray type of quench. It has been the experience of this discusser 
that the efficiency of a more or less finely divided spray quench operating 
under normal water line pressure is at least as high as a bath of brine or 
caustic solution. It thus appears that there is a questionable need for brine or 
other salt solutions, where quenching efficiency only is desired, if a properly 
designed and operated spray quench is used. 

The use of oil as a' flame hardening quenching medium in operations other 
than those in which small parts can be quickly ejected from a machine into 
a bath of oil, creates a fire hazard not to be tolerated. However, the need 
for a liquid quenching medium safe to use in the vicinity of the flames, and 
one that will give a quench approximating that of oil, is frequently encountered. 
Good results have been obtained by the use of soluble oils in water or a solu- 
tion of soap in water. Then, too, in the treatment of some alloy steels the 
efficiency of a properly used air spray is surprisingly high. 

This writer wishes to further stress the point brought out by Mr. Rolf 
in the last paragraph of page 48 of his paper, which refers to the failure of 
under-designed flame hardened parts. Too frequently does the design take 
into consideration only the increased properties of the flame hardened case to 
the neglect of the core properties. If the operation of the part in question is 
such as to require an alloy steel of certain high physical properties before 
flame hardening, certainly the same core properties are necessary in the flame 
hardened part. It must be borne in mind that the increased life of a flame 


hardened part is due to its greater resistance to wear and not to its increased 
core strength. 








58 TRANSACTIONS OF THE A. S. M. March 





























Wwa.s»snen Discussion: By A. K. Seemann, engineer, Linde Air Products 
Co., 30 E. 42nd St., New York City. 

Mr. Rolf’s paper has been read with considerable interest and in offering 
the following comments it will be noted that the discussion is quite in agree- 
ment with Mr. Rolf’s presentation but differs in the degree of emphasis placed 
on certain topics. 

Most flame hardened articles are quenched with cold water. Sensitive 
steels are sometimes air quenched and in some cases quenched with soluble 
cutting oil and water or soap solutions. So far, it has not been necessary to 
consider salt or caustic solutions because a water spray under ordinary city 
pressure is sufficiently drastic. Oil is inadvisable because of the fire hazard. 

It is felt that further emphasis should be placed on the importance of steel 
selection for flame hardening applications and that quite as much care be used 
in selecting pre-treatment for core properties as is exercised in the flame hard- 
ening operation. Flame hardening does not offer the opportunity to substitute 
straight carbon for alloy steels but rather enables the engineer or designer to 
furnace heat treat for maximum core properties and flame harden for surface 
properties. Too often attention is riveted on surface hardness alone and little 
or no attention is given to the physical properties of the core. Straight carbon 
steels will develop the desired surface hardness but obviously this is but one 
factor in the selection of a steel for a particular service. 
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Oral Discussion 






















C. F. Merrizi:* I would like to ask the speaker if he can tell us some- 
thing about this method of heat treatment on iron castings of any of the well- 
known types. 

R. L. Rotr: Our cast iron has been heat treated with great success in 
many instances. If the iron is of such a nature that it will not take a quench, 
then it is useless to try to Harden by the flame hardening or any other means 
of hardening. With the high strength cast irons—such as chromium-nickel or 
chromium-molybdenum, or even malleable iron—if they have been properly cast 
they can be successfully heat treated, as we have done in many instances. 

Is there any specific type? 

C. F. Merritt: Not particularly, except the gray irons of relatively low 
silicon. 

R. L. Rotr: Irons in the furnace casting class, grate bar castings, etc., 
have not been hardened very successfully. Some will respond and some will not, 
but the high strength alloys can usually be hardened successfully. 

Howarp Scott:’ There are a few questions I would like to ask Mr. Rolf 
about flame hardening processes. We have been involved at a little different 
angle on very large work. 

What do you do to control grain coarsening? How do you know, once 
you start the flame progressing over the work, that it is set to give you the 
right depth of hardening, and whether you are hardening at all? 
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1Engineer, Draper Corp., Hopedale, Mass. 


2Research Department, Westinghouse Electric and Manufacturing Co., East Pitts- 
burgh, Pa. 
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Do you know anything about the actual surface temperature? How hot 
does the surface get? What is the nature of the distortion? In what direction 
do you get distortion? Normally, you would expect surface hardening to put 
the surface in compression because it is then of less density, but we have evi- 
dence in the opposite direction. Can you confirm that observation? 

R. L. RotF: Mr. Scott’s problem, is different than anything in my experi- 
ence due to the fact that he is handling extremely large sections as compared 
to ours of more practical size. 

As far as grain size is concerned, we try to regulate our flame so the 
hardening temperature does not exceed that specified for the material which is 
being treated. He states, “How do we know when the temperature is reached?” 
We have no pyrometer control—that is true. After a man has been in the 
practice for a while he can gage his temperatures fairly accurately. If the 
part is started out at the proper temperature and the speed of the torches is 
increased to compensate for the induced heat as it moves along the surface, 
we will find that at the finish of the work there will be approximately the 
temperature as we had at the start. 

However, if we intend to pour the heat in very rapidly, say 1700 degrees 
Fahr., when it should only be heated to 1475 or 1500 degrees Fahr., we are 
going to coarsen the grain, and as we proceed along we are going to build up 
our heat to a point where the finishing temperatures will be in excess of what 
it should be and the grain size is going to be abnormal. 

Distortion is hard to govern. I doubt whether any man without having 
any previous experience on a job can predict the nature or direction of dis- 
tortion. On heavier size sections where the bulk is such, that heat is not of 
vital importance to warp the specimen, we are safe, but on thin sections of 
variable cross sections we cannot determine the degree of warping that the 
piece will undergo. 

Howarp Scott: How deep do the grains coarsen? 

R. L. Rotr: We coarsen to a depth of about a quarter of an inch, with 
an extremely coarse brittle condition on the surface. If the speed is regulated 
and the flames reduced and the gas mixture is properly regulated then the 
coarsening does not penetrate that deep and we have a regular heat treated 
structure. 

Howarp Scotr: How far away from the work have you set your flame? 

R. L. Rotr: About % to % inch, depending on the work. 

Harotp J. Strern:* In answer to Mr. Scott’s question relative to the 
knowledge of the hardness obtained in flame hardening during operation and 
also the microstructural characteristics, I would like to mention a procedure 
followed at Allis-Chalmers Company where the part being hardened is a costly 
part such as a large forging. 

We forge a prolongation on the forging approximately the same diameter 
as the part to be hardened and then after machining we proceed to harden the 
prolongation by making hardness test and structure surveys over a short 
length, say 1 inch, of the surface on the prolongation. In this manner it is 
possible to make adjustments relative to temperature of flame and speed of 


%Research engineer, Allis-Chalmers Manufacturing Co., Milwaukee. 
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travel of the torch so that eventually you obtain the metallurgical character- 
istics desired. With this data, you can then proceed to harden the forging 
with controlled flame and speed as indicated in the hardening of the prolonga- 
tion. I am discussing the procedure on forgings of about 40 inches in diameter. 


Author’s Reply 





Referring to Mr. Donnell’s question regarding reduced scrap losses—this 
is probably one of the mainstays of this process. We do not receive the dis- 
tortion, thus we do not get the scrap loss that is associated with the batch 
type furnace. Parts which were too thin in one section and too bulky in 
another, warped excessively in the batch-type method of quenching. In flame 
hardening we can select the point we wish to harden and heat and quench that 
point only and produce a very satisfactory job. 

Reduction in cleaning cost is another important factor because we do not 
have the scale to contend with, and pickling or sand blasting operations are 
eliminated as the work comes out very clean. 

Less expensive steels may be used, and that is another point in favor of 
the flame hardening process. We can produce a surface hardness without 
going to the expensive alloy steels; and you substitute in many of these cases 
S.A.E. 1040 and 1045 in place of S.A.E. 4615, 3115, etc., provided of course 
we do not have to maintain their respective core strength. 

There are cases where the engineer forgets about the core properties, and 
he will use an S.A.E. 6145 analysis and heat treat the piece and put it into 
service around 400 Brinell. When he changes to flame hardening he forgets 
about the physical properties of the core and he substitutes an S.A.E. 1045 
steel unheat treated, because the surface hardening will give him the hardness 
he is after. He does not have his physical properties and the part fails in 
service. In another case, the man uses an expensive alloy steel to produce 
surface hardening when he does not need the core properties of an alloy steel. 

With regard to the selection of the steels for flame hardening, at the 
present time I would like to see it confined to the more rugged type or the 
water quenching steels. 

With reference to the S.A.E. 6140 steel—we have hardened gear teeth, 
cams, and other sections fabricated from this analysis with very satisfactory 
results, but you cannot do it very successfully with a water quench, but you 
can do it with a soluble oil quench. 

The S.A.E. 3140 analysis is practically the same thing. If the carbon is 
on the low side of the range you can get by with a water spray quench. If it 
is on the high side of the range, we would prefer the soluble oil quench. 
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THE EFFECTS OF FIBER ON THE NOTCH TOUGHNESS 
OF MILD STEEL AS INFLUENCED BY COOLING RATE 


By O. W. Ettis ann J. E. McDoNeLi 


Abstract 





Howe’s definition of fiber is quoted and reference is 
made to the work of Kirkaldy, Charpy, Brearley and 
others on the effects of fiber on the mechanical properties 
of steel. Experiments are described having for their 
object the determination of the effect of cooling rate and 
actual grain size on the notch toughness of a steel in 
directions transverse and parallel to the direction of its 
rolling. An attempt is made to explain the results of these 
experiments, the suggestions being made that the reduc- 
tion in the notch-sensitivity of this steel brought about by 
quenching is due largely, if not entirely, to an tmcrease im 
its cleavage strength and that the effects of fiber in this 
steel must be to reduce its resistance to plastic flow rather 
than to alter its cleavage strength. 
















HE influence of the direction of working on the mechanical 

properties of iron and steel has been the subject of considerable 
investigation, and the importance of fiber has been recognized for 
many years. Howe; in his work’ devoted two out of thirty-two 
chapters to a consideration of the origin and effects of fiber. He 
defined fiber in the following terms: 


“Fiber implies some longitudinal heterogeneousness. Wood 
is fibrous because it is stronger lengthwise than crosswise, and 
this in turn because it has certain internal longitudinal surfaces 
of weakness. When bent greatly it tends to yield by longitudi- 
nal shear, that is by the shearing or sliding of one fiber over 
another. This excess of longitudinal over transverse strength 


The Metallography of Steel and Iron,’”’ (McGraw-Hill Co., Inc., New York City, 1916). 


A paper presented before the Twentieth Annual Convention of the Society 
held in Detroit, October 17 to 21, 1938. Of the authors, O. W. Ellis is director, 
department of engineering and metallurgy, Ontario Research Foundation, To- 
ronto, Canada, and J. E. McDonell is undergraduate student, Queen’s Univer- 
sity, Kingston, Ont.; research assistant, summers of 1936 and 1937, Ontario Re- 
search Foundation, Toronto, Canada. Manuscript received June 24, 1938. 
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of the mass as a whole I take to be the essence of fiber. It has 
two aspects, the excess of longitudinal strength and the deficit 
of transverse strength.2 Of these the former is usually the 
cause of the merit of fiber. We value a fibrous wood not be- 
cause of its relatively small transverse strength but because of 
its absolutely great longitudinal strength. 

“There are indeed certain cases for which the deficit of 
transverse strength is in itself a merit. Were a rope as strong 
crosswise as lengthwise it would lose that flexibility which 
makes it useful for purposes for which an equally strong 
wooden or metal rod would be uselessly stiff. 

“In the absence of any agreement on the subject I propose 
to call all systematic differences between the longitudinal and 
the transverse structure and properties ‘fiber,’ whether these 
differences are properly regarded as giving longitudinal strength 
or transverse weakness or brittleness. All excess of longitudinal 
over transverse strength, and all tendency, whether developed 
or dormant, to break with a longitudinal or fibrous fracture, 
may be referred to fiber in this sense of the word.” 

Kirkaldy* was one of the first, if not the first, to make quantita- 
tive determinations of the effects of fiber upon the mechanical prop- 
erties of various materials. The numerous conclusions, 66 in all, at 
which he arrived in the course of his classic enquiry, were presented 
collectively in the last section of his book, and from them are quoted 
here those pertinent to our subject. 

“10th. The breaking strain and contraction of area of iron 
plates are greater in the direction in which they are rolled than 
in a transverse direction, 

“12th. The breaking strain and contraction of area are 
greater in those specimens cut lengthways out of crank-shafts 
than in those cut cross-w ays, 

“17th. The breaking strain and contraction of area of 
puddled-steel plates, as in iron plates, are greater in the direction 
in which they are rolled; whereas in cast-steel they are less,* 


Nick-bend tests were in common use in Kirkaldy’s time, and he 
must have been well acquainted with the fact that it is easier to break 
nicked bars cut transverse to, rather than in the direction of, the 
fiber of both wrought iron and steel. He had, however, no means for 
measuring the effect of fiber upon the energy required to break such 
pieces. 


“We cannot insist that, as regards the ultimate particles, this difference is chiefly in 
strength rather than in ductility or flexibility; but as regards the mass as a whole it may 
be treated as a difference in strength.”” (Howe) 

‘Experiments on Wrought Iron and Steel,” Glasgow, 1862. 

‘This conclusion is somewhat remarkable, but merits no discussion here. 
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Charpy’ and Brearley® (see also Allcut and Miller)" seem to have 
been the first to report on the effect of fiber on the notch toughness 
of steel. Of Charpy’s experiments, one series was conducted on sam- 
ples cut from medium carbon, basic open-hearth steel (phosphorus, 
0.05 per cent; sulphur, 0.06 per cent). These samples were taken 
transversely and longitudinally; (1) from an ingot 355 x 355 milli- 
meters square; (2) from a portion of this ingot which had been 
forged to 225 x 225 millimeters square—a reduction of area of about 
60 per cent; and (3) from another portion of the same ingot which 
had been forged to 125 x 125 millimeters square—a reduction of 
area of about 88 per cent. Before test pieces were machined from 
these samples, they were quenched from 1560 degrees Fahr. (850 
degrees Cent.), and tempered at 1200 degrees Fahr. (650 degrees 
Cent.) for the implied purpose of bringing them in all cases into 
structural conditions as closely similar as possible. The results of the 
tensile and impact tests made on the pieces cut from the samples are 
shown in Table I. 








Table I 
























Percentage Percentage Reduction Charpy 

Reduction Tensile Elongation ° Impact 
in Area Strength (gauge length Area Number 
by Forging (p.s.1.) unknown) (Per Cent) (kg-m.) 

Longitudinal 

nil 101,400 16 33 Pua 

60 99,700 18 33 3.5 

88 103,400 23 61 9.1 


Transverse 
101,800 14 2 





nil 
60 100,600 11 
88 97,300 4 





LS) 
COnmT dO 
m DO Ww 
not 














Another series of tests was made by Charpy on the same steel, 
but forged to a section 75 x 75 millimeters square, corresponding to 
a reduction of area of about 95.5 per cent. Only notched-bar test 
pieces were taken from this forging, “but in lieu of longitudinal and 
transverse bars, two others were taken at angles of 20 and 45 degrees 
with the axis, all taken from the same longitudinal cut.” The impact 








SCharpy, Journal, Iron and Steel Institute, Vol. 98, 1918, p. 7-25. 
®Brearley, Brown Bayley’s Journal, 


7Allecut and Miller, ““Materials and Their Application to Engineering Design,’ C. Griffin 
and Co., Ltd., London, 1923. 
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tests carried out after quenching and tempering the bars gave the re- 
sults shown in Table IT. 











Cc 
11 
Table Il 
Angle of Notch Relative Charpy 
to Direction of Rolling Impact Number 
(Degrees) (kg-m.) 
0 1.3 
20 1.5 
45 3.4 
90 13.5 1 



































The results of Brearley’s investigations, which were carried out 
on Bessemer steel containing 0.23 per cent carbon, 0.97 per cent 
manganese, and 3.08 per cent nickel, are shown in Fig. 1, taken from 
Allecut and Miller’s book. 

Work on this subject has been carried out by many other in- 
vestigators® and the general conclusions reached in regard to the 
tensile properties of ferrous materials are essentially at one with 
those arrived at by Kirkaldy seventy-six years ago. 

There is no doubt that the difference between the transverse and 
longitudinal properties can be reduced to a minimum in clean steel by 
careful forging and suitable heat treatment, but in most commercial 
steels the ratio of the values for transverse and longitudinal impact 
tests will almost invariably be high, being dependent largely on the 
number and nature of the inclusions present in the material under 
test. According to Brearley® “the ratio between the average longi- 
tudinal and transverse impact figures” is “a very good indication of 
the comparative freedom of steel from slag occlusions, etc., and” is 
“incidentally a good index of the care taken in the melting and cast- 
ing operations.” 


DESCRIPTION OF PRESENT EXPERIMENTS 





In this connection it is of interest to speculate as to the effect 
of cooling rate and actual grain size upon the notch toughness of a 
given steel in directions transverse and parallel to the direction of 
rolling. Will they, or will they not, have an important influence upon 
this property? 








8Ros, Eidgendssische Materialpriifungsanstalt an der E.T.H. Zurich, Rep. 52, 1930, 
p. 34. 
*Brearley, Journal, Iron and Steel Institute, 1918, Vol. 98, p. 34. 
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In an attempt to answer this question, a series of 112 pieces was 
cut from a steel flat, 5.5 inches wide and ™% inch thick, of the follow- 
ing chemical analysis: 


Per Cent 


“eee eee eee eeeneneene 


en a 









| a a oe 0.47 
SU O28 La 5 ws vu. ais 0.016 
WOINUE coi be ws ov cena 0.015 


This material was picked at random from the stock of a local dealer. 


Yield strength 
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Fig. 1—Effect of Angle of Test Piece Relative to Direction of Fiber on 
Mechanical Properties of Steel (Brearley). 








The individual pieces were approximately 5.5 inches long, % 
inch wide, and % inch thick. They were cut from the flat in groups 
of eight, one group being cut transverse to the length of the flat, the 
next group parallel to it, and so on. The pieces were, of course, 
marked so as to denote their original directions relative to the length 
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of the flat. However, no other attempt was made to distinguish the 
pieces after they had been cut, so that it would have been impossible, 
had it been necessary to do so later, to account for variations in the 
composition of the steel in the flat. The individual pieces were care- 
fully machined on all sides until they were approximately 0.4 x 0.4 
inch square. They were then ground accurately to 0.395 x 0.395 inch 
square. 

Jackets, as shown in Fig. 2, had been prepared to receive the 
pieces. These jackets were of the following outside dimensions : 


7% inches long x 1% inches wide x 14% inches deep 
Medium .... 7% incheslongx1 inch widex1l inch deep 
Small 7¥% inches longx %inch widex %inch deep 


Fig. 2—Appearance and Dimensions of Jackets Used to Control 
Time of Cooling of Samples. 


Rectangular grooves (Fig. 2) were shaped in the jackets, which 
before final grinding were calorized to ensure their permanence at 
high temperatures. After the jackets had been calorized, heated to 
bright redness, and cooled slowly, the grooves in them were given a 
final grinding so as to fit the pieces as snugly as possible. The object 
of the jackets was to control the rate of cooling of the pieces after 
removal from the furnace in which they were heated to different tem- 
peratures. The pieces were placed individually in jackets, which 
were then tightly wired together. The open ends of the jackets were 
now filled with fire clay, after which they (with the pieces snugly 
encased in them) were introduced into the furnace. The rate of 
cooling of individual pieces varied rather widely in the case of those 
fitted with large jackets—the time of cooling from 1550 degrees, Fahr. 
(840 degrees Cent.) to 950 degrees Fahr. (510 degrees Cent.), for 
example, varied from 475 to 675 seconds. This was due mainly to 
the fact that the conditions of cooling in this jacket were such as to 
cause large variations in the time of cooling of the pieces at the Al 
point. The times of cooling over the same range (1550 to 950 de- 
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grees Fahr.— 840 to 510 degrees Cent.) in the other jackets were as 
follows : 


Sis oe ae Oe + 5 seconds 
+ 5 seconds 


eorerer eee ewe eens 


When cooling in air, unjacketed, the temperature of the pieces 
fell from 1550 to 950 degrees Fahr. (840 to 510 degrees Cent.) in 
close to 110 seconds. No attempt was made to determine the time 
of cooling over the above temperature range of the unjacketed pieces 
quenched in oil (Houghton’s No. 2 soluble oil) at 20 degrees Fahr. ; 
the average rate of cooling from 1470 to 1290 degrees Fahr. (700 to 
600 degrees Cent.) was measured, however, and found to be 80.0 
degrees Fahr. per second. This compares with rates over the same 
range of 1.1, 1.7, 1.9, and 6.7 degrees Fahr. per second for the 
samples cooled in the large, medium, and small jackets, and un- 
jacketed, respectively. 

The upper critical point on heating (Ac3) of this steel was 
found to be in the close neighborhood of 1545 degrees Fahr. (840 
degrees Cent.), and the following temperatures were chosen as those 
to which to heat, and from which to cool, the pieces in one or other 
of the ways described above: 





1570 Degrees Fahr. (853 Degrees Cent.) 
1595 Degrees Fahr. (868 Degrees Cent.) 
1620 Degrees Fahr. (882 Degrees Cent.) 
1645 Degrees Fahr. (896 Degrees Cent.) 
1670 Degrees Fahr. (909 Degrees Cent.) 
1695 Degrees Fahr. (923 Degrees Cent.) 
1720 Degrees Fahr. (937 Degrees Cent.) 






Heating of the pieces, with or without jackets, was carried out 
in a gas furnace, the temperature of which could be closely con- 
trolled. The temperature of individual pieces was estimated by in- 
troducing into the furnace, together with them, pilot samples into 
which thermocouples were fitted. The temperatures of the pilot 
samples were traced on the chart of a recording. potentiometer. It 
was assumed that the temperatures of the pieces were at all times 
very close to, if not identical with, those of the pilot samples. The 
pieces were raised to and held at one or other of the above tempera- 
tures for % hour, after which they were either cooled in still air or 
quenched, as desired. 
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After being treated, the pieces were ground to 0.3937 + 0.0010 
inch X 0.3937 + 0.0010 inch square (10 mm. X 10 mm. square). 
Notches were cut in them in the positions shown in Fig. 3, which is 


Direction of 
Blow 






Swinging Striker 















1OxIO mm 
a ih 






Cantilever Type 3-Notch Test 
Piece (/zod Method) 


Fig. 3—British Standard Izod 
Test Piece (Batson and Hyde). 








a sketch of the British standard cantilever-type 3-notch test piece 
for use in the Izod test. The notch in this test piece has an angle of 
45 degrees, is 2 millimeters deep, and has a root radius of 0.25 
millimeters. Except that in every case the pieces exceeded 130 milli- 
meters in length, their dimensions agreed with those shown in Fig. 3. 

The results of the impact tests on these pieces are given in 
Tables III and IV, the first of which deals with the tests on the 
transverse samples, the second with those on the longitudinal samples. 

Front views of the fractures of four of these pieces are shown 
in Fig. 4. That to the left of the picture is of one of the longitudinal 
pieces which had been cooled in air, the next is of one of the 
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longitudinal pieces which had been quenched in oil, the next is of one 
of the transverse pieces which had been cooled in air, while the last 
is of one of the transverse pieces which had been quenched in oil. 
There is little to choose between the fractures of the air-cooled and 


Fig. 4—Front Views of Fractures of Izod Test Pieces—Left, Longitudinal; Right, 
Transverse. 


quenched pieces, whether longitudinal or transverse, but a marked 
difference exists between the fractures of the longitudinal and trans- 
verse pieces, whether air-cooled or quenched. None of the fractures 
can be termed “brittle” ; the longitudinal fractures, however, show less 


_. Fig. 5—Side Views of Fractures of Izod Test Pieces—Left, Longitudinal; Right, 
l'ransverse. 


evidence of ductility than do the transverse. This is probably due, 
in part, to their manner of deformation. 

The side views of the same fractures are shown in the same 
order in Fig. 5. It is noteworthy that the position of the notch 
relative to the axis of the piece had little effect, if any, upon the 
appearance of the fractures of the longitudinal pieces, whereas this 
‘actor was of some, though slight, importance in determining the 
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appearance of the transverse fractures.*° The notches in the trans- 
verse pieces shown in Figs. 4 and 5 were at right angles to the direc- 
tion of rolling of the flat. 

After the impact tests had been done, Vickers hardness tests were 
made on the longest portions of the broken pieces. Three impres- 
sions were made on each portion, and these agreed well among them- 
selves. The numbers corresponding to these impressions are quoted 
as Brinell hardness numbers in Tables III and IV. Finally, tiny 
tensile test samples were cut from the longest portions of the broken 
pieces, and tested in a tensometer machine. The results of these 
tests are also quoted in Tables III and IV. 











Pounds per Sg. lnch 







ae: ae ae BD 
Turns of Handle 
Fig. 6—Tensometer Autographic Stress-Strain Dia- 


rams for Longitudinal and Transverse Tensile Test 
ieces. 





















The effect of quenching on the form of the stress-strain diagram 
for this steel (longitudinal pieces air-cooled and quenched from 1570 
degrees Fahr. (850 degrees Cent.) respectively) is quite marked. 
It is nicely shown in Fig. 6, which is a reproduction of two of the 
autographic diagrams obtained on the tensometer, superimposed one 
on the other. The stress values in Fig. 6 should be multiplied by 
1.07 to give the correct figure. The “turns of handle” are a rough 
measure of strain. The diagrams serve a useful purpose, but cannot 
be considered as accurate graphical representations of the results of 
the tests. 

Microscopic examination was made of longitudinal sections of 
all the transverse pieces and of transverse sections of all the longitudi- 
nal pieces. None of the samples showed banding that could be con- 


















Tt did not noticeably influence the impact values. 
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Table Ill 

















Time of Temp. Average 
Cooling of Brinell Elonga- Reduc- Izo 
from 1550 MHeat- Hard- Yield Tensile tion tion Impact 
Sample to 950° F, ing ness Strength Strength (%on of Area Value 
Number (séc.) (°F.) Number (p.s.i.) (p.s.i.) lin.) (%) (Cft-lb.) 











136 39,000 72,000 58 30 





















A-2 475-675 1570 132 45,000 73,000 40 59% 40 
A-3 380 1570 132 49,500 76,000 40 57 44 
A-4 305 1570 134 47,000 73,000 40 57% 39 
A-5 110 1570 141 50,500 77,000 37 56 39 
A-2/5 (avg.) Air-cooled 1570 135 48,000 74,750 39% 57% 40% 

+A-6 Quenched 1570 214  ...... 103,500 34 55% = 33 
A-7 475-675 1595 120 48,000 75,000 35 57 35 
A-8 380 1595 120 47,000 73,000 37 57 39 
A-9 305 1595 136 43,000 70,000 40 59 38 
A-10 110 1595 143 45,000 69,000 30 59 40 
A-7/10 (avg.) Air-cooled 1595 130 45,750 71,750 35% 58 38 
A-ll Quenched 1595 202. ...... 101,000 30 54 28 
























+A-12 475-675 1620 134 47,500 75,000 37% 57 39 
+A-13 380 1620 148 45,000 73,500 40 55 37 
+A-14 305 1620 136 45,000 74,000 40 57% 38 
+A-15 110 1620 144 48,500 76,500 36% 59 38 
A-12/15 (avg.) Air-cooled 1620 141 46,500 74,750 38% 57 38 
+A-16 Quenched 1620 es Bre tee 99,000 25 55% 25 
A-17 475-675 1645 123 42,000 72,000 40 59 33 
A-18 380 1645 131 46,000 74,000 40 61 38 
A-19 305 1645 127 45,000 74,000 40 59 40 
A-20 110 1645 130 45,000 76,000 37 57 36 
A-17/20 (avg.) Air-cooled 1645 128 44,500 74,000 39% 59 36% 
A-21 Quenched 1645 SFG: tea wes 88,000 30 59 29 
+A-22 475-675 1670 138 45,000 74,500 40 57 36 
+A-23 380 1670 142 44,000 74,000 40 59 36 
+A-24 305 1670 136 43,500 75,500 37% 59% 36 
+A-25 110 1670 141 44,500 75,500 37% 58% 33 
A-22/25 (avg.) Ajir-cooled' 1670 139 44,250 74,875 38% 58% 35% 
+A-26 Quenched 1670 oan aes 93,000 27% 59% 33 
A-27 475-675 1695 142 45,000 72,000 40 65 35 
A-28 380 1695 154 44,000 73,000 40 57 39 
A-29 305 1695 127 42,600 74,000 40 59 36 
A-30 110 1695 132 45,000 75,000 45 59 36 
A-27/30 (avg.) Air-cooled 1695 139 44,000 73,500 41% 60 36% 
A-31 Quenched 1695 BAe Sf eee ses 111,000 20 49 26 
+A-32 475-675 1720 138 40,500 71,500 37% 56 35 
+A-33 380 1720 141 40,000 72,500 35 59 34 
+A-34 305 1720 136 39,000 73,000 38% 60 34 
+A-35 110 1720 137 42,000 75,000 36 61% 36 
A-32/35 (avg.) Air-cooled 1720 138 40,250 73,000 36% 59 34% 
+A-36 Quenched 1720 See Bebwks 105,500 22% 53 5 


(+ —Results are means of duplicate tests.) 







sidered as likely to influence seriously the transverse mechanical 
properties of the steel. Banding was most marked in pieces A-2 and 
B-2, which had been heated to 1570 degrees Fahr. (853 degrees 
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Table IV 


’ Average 
Brinell Elonga- Reduc- Izod 

from 1550 MHeat- Hard- Yield Tensile tion tion Impact 
to 950° F. ing ness Strength Strength (%on of Area Value 

(sec. ) (°F.) Number (p.s.i.) (p.s.i.) 1 in.) (%) (ift-lb.) 


150 42,000 74,000 40 60 52 


1570 139 46,000 73,000 42Y, 65% 
1570 146 46,500 76,500 37% 66% 
1570 150 48,500 73,500 40 68 

1570 153 48,000 79,000 40 67% 


Air-cooled 1570 147 47,250 75,500 40 67 
Quenched 1570 203 63,000 100,000 70 


475-675 1595 143 76,000 40 62 

380 1595 135 77,000 65 

- 305 1595 145 78,000 65 
-10 110 1595 155 5 78,000 66 


_ 
- 


-7/10 (avg.) Air-cooled 1595 145 77,250 64% 
1 Quenched 1595 201 103,000 69 


475-675 1620 138 77,500 63% 
380 1620 150 50,500 77,000 65 
305 1620 139 46,500 73,000 66% 
110 1620 145 50,000 80,500 65 


Air-cooled 1620 143 49,000 77,000 65 
Quenched 1620 195 67,5008 100,500 69 


475-675 1645 127 51,000 80,000 
380 1645 132 47,000 74,000 
305 1645 146 47,000 76,000 
110 1645 148 51,000 80,000 


7/20 (avg.) Air-cooled 1645 138 49,000 77,500 
1 Quenched 1645 196 106,000 60 
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475-675 1670 140 73,500 63% 
380 1670 157 74,000 65% 
305 1670 142 75,500 63% 
110 1679 147 77,500 67 
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Air-cooled 1670 147 75,125 65 
Quenched 1670 192 99,000 69% 
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475-675 1695 140 d 70,000 65 
380 1695 135 79,000 65 
305 1695 138 77,000 65 
110 1695 149 74,000 69 


bo W DO do bo 
owns 


-27/30 (avg.) Air-cooled 1695 141 75,000 66 
-31 Quenched 1695 205 126,000 2 54 


w 


“ 


bd 


475-675 1720 138 5 78,500 63% 
380 1720 144 78,000 63% 
305 1720 144 74,500 65% 
110 1720 147 80,500 65% 


+t4-+ 
ue & 


ww Wwww 
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/35 Cave.) Air-cooled 1720 143 77,875 64% 
Quenched 1720 202 96,000 741, 


-f 


(+—Results are means of duplicate tests.) 
(g—One sample showed no yield; the other, the yield strength quoted.) 





Cent.) and cooled from 1550 to 950 degrees Fahr. (842 to 510 de- 
grees Cent.) in from 475 to 675 seconds. Fig. 7 is a photomicro- 
graph typical of the structure of these pieces. Fig. 8 is representa- 
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tive of the structures of A-4 and B-4 heated to 1570 degrees Fahr. 
(855 degrees Cent.) and cooled from 1550 to 950 degrees Fahr. 
(840 to 510 degrees Cent.) in 305 seconds; Fig. 9 is typical of the 
structures of A-5 and B-5 cooled from 1570 degrees Fahr. (855 de- 
grees Cent.) through the above temperature range in 110 seconds; 
and Fig. 10 is typical of the structure of the piece quenched from 
1570 degrees Fahr. (855 degrees Cent.). Figs. 11 to 15 and 16 to 20 
show structures representative of those formed in the pieces heated 
to 1595 and 1720 degrees Fahr. (870 and 935 degrees Cent.), respec- 
tively, and cooled at the five different rates. 

Apart from pieces A-2 and B-2 (which, as can be seen in Fig. 7, 
showed but slight banding), the pieces most slowly cooled from 1595 
and 1620 degrees Fahr. (868 and 880 degrees Cent.), respectively 
(pieces A-7, B-7, A-12, and B-12), alone showed any evidence what- 
soever of this type of structure. 


DISCUSSION OF RESULTS OF PRESENT EXPERIMENTS 


The first conclusion reached from an examination of the results 
quoted in Tables III and IV is that in the particular case now under 
consideration, variations in the rate of cooling in air from tempera- 
tures ranging from 1570 to 1720 degrees Fahr. (855 to 940 degrees 
Cent.) are unimportant in their effect on the mechanical properties. 
Hence, in these tables the average values for the mechanical. proper- 
ties of the pieces cooled in air from various temperatures have been 
calculated and placed alongside those for the mechanical properties 
of the quenched pieces. This arrangement enables a more rapid as- 
sessment to be made of the results as a whole. 

The second conclusion is that the temperature of heating does 
not markedly influence the mechanical properties of this particular 
steel, in either the air-cooled or the quenched state, until it exceeds 
about 1670 degrees Fahr. (910 degrees Cent.). 

The third, and, of course, not unexpected, conclusion is that 
quenching increases the yield and tensile strengths of this steel over 
those of the material in the air-cooled state. 

The fourth and most surprising conclusion is that, whereas 
quenching this material lowers its notch toughness (on the average 
by about 23 per cent) below that of the air-cooled material when 
tested transversely, it quite appreciably raises the notch toughness 
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7—Structure of Samples as Received. x 100. 

Fig. 8—Structure of Samples Heated to 1570 Degrees Fahr. (855 Degrees Cent.) 
and Cooled in 305 Seconds. xX 100. 

Fig. 9—Structure of Samples Heated to 1570 Degrees Fahr: (855 Degrees Cent.) 
and Cooled in 110 Seconds. X 100. 

Fig. 10—Structure of Samples Quenched in Oil from 1570 Degrees Fahr. (855 
Degrees Cent.). xX 100. 

Fig. 11—Structure of Samples Heated to 1595 Degrees Fahr. (870 Degrees Cent.) 
and Cooled in 475-675 Seconds. x 100. 

Fig. 12—Structure of Samples Heated to 1595 Degrees Fahr. (869 Degrees Cent.) 
and Cooled in 380 Seconds. xX 100. 


(on the average by about 14 per cent) above that of the air-cooled 
material when tested longitudinally. In other words, the longitudinal 
notch sensitivity of this steel is decreased by quenching, whereas its 
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Fig. 13—Structure of Samples Heated 1595 Degrees Fahr. (870 Degrees Cent.) 
and Cooled in 305 Seconds. xX 100. 


Fig. 14—Structure of Samples Heated to 1595 Degrees Fahr. (870 Degrees Cent.) 
and Cooled in 110 Seconds. xX 100. 


Fig. 15—Structure of Samples Heated to 1595 Degrees Fahr. (870 Degrees Cent.) 
and Quenched in Oil. X 100. 


Fig. 16—Structure of Samples Heated to 1720 Degrees Fahr. (935 Degrees Cent.) 
and Cooled in 475-675 Seconds. X 100. 


Fig. 17—Structure of Samples Heated to 1720 Degrees Fahr. (935 Degrees Cent.) 
and Cooled in 380 Seconds. xX 100. 


Fig. 18—Structure of Samples Heated to 1720 Degrees Fahr. (935 Degrees Cent.) 
and Cooled in 305 Seconds. xX 100. 


transverse notch sensitivity is by the same means increased. To the 
-ooled ductility of this steel, as measured in terms of percentage elongation 
udinal and percentage reduction of area, the same remarks rather generally 
cas its apply. 
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In the present state of our knowledge of the mechanism of the 
impact test it is by no means easy to give reasons for these interest- 
ing results. The following suggestions, which are not to be looked 
upon as the final opinions of the authors on what is so obviously a 
matter for more experiment, are put forward mainly for the sake of 
promoting discussion. 

If it be assumed that the behavior of the longitudinal pieces of 
this steel represents with reasonable accuracy that of homogeneous, 
non-isotropic steel of the same type, it would appear that quenching 
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Fig. 19—Structure of Samples Heated to 1720 Degrees Fahr. (935 Degrees Cent.) 
and Cooled in 110 Seconds. X 100. 

Fig. 20—Structure of Samples Heated to 1720 Degrees Fahr. (935 Degrees Cent.) 
and Quenched in Oil. xX 100. 


increases the cleavage strength of homogeneous, non-isotropic mate- 
rial to a proportionately greater amount than its resistance to plastic 
flow. 

The fact that the fractures of the longitudinal pieces, both air- 
cooled and quenched, are so similar in shape would seem to indicate 
that during test the total deformation of this steel is much the same 
in both states. From this it might be inferred that the energy 
absorbed in deforming quenched, homogeneous, non-isotropic steel 
of this type would be little, if any, different from that absorbed in 
deforming the air-cooled material. Hence, the reduction in the notch- 
sensitivity of steel of this type brought about by quenching must be 
due largely, if not entirely,‘to an increase in its cleavage strength. 
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Turning now to a consideration of the transverse pieces, in view 
of the above it may be assumed that the cleavage strength per se of 
this steel can be increased by quenching to the point where its Izod 
impact number is about 23 per cent more than that of the air-cooled 
steel. Now, the! fractures of the transverse pieces, both air-cooled 
and quenched, are so similar in shape as to suggest that the amount 
of plastic flow of this steel is not much affected by heat treatment, 
other things being the same. Hence, the effect of fiber in this steel 
must be to reduce very materially its resistance to plastic flow; it does 
not appear as though it is important in its effect upon the cleavage 
strength of the material. Whether this would be true of the effect 
of fiber in all steels remains yet to be proved. 



















































EFFECTS OF COLUMBIUM AND OTHER ADDITION 


AGENTS ON LOW CHROMIUM STEELS re 
0 

By RuSSELL FRANKS fo 

etc 

Abstract he 


In fabricating and using the wrought 4-6 per cent 
chromium steels for resisting mild corrosion and deterio- 
ration at temperatures between 400 and 650 degrees Cent. 


some difficulty due to the development of low toughness ma 
has been encountered. The difficulty met with during fab- tou 
rication is undoubtedly due to the air hardening proper- late 


ties of the steels. The trouble arising in service has oc- 
curred in annealed steels and is especially noticeable after 
the equipment has operated for long periods and 1s shut 5 
down for repairs during the winter months when the tem- obs 
perature is low. It has also been claimed that the develop- : tha 
ment of low toughne ss in service ts connected with temper bet 
brittleness which is measured by heating the steels to a | Fa] 
temperature slightly above the Ac, change point and tem- 
pering at 650 degrees Cent., followed by rapid and slow 
cooling, the Greaves-Jones test. Susceptibility to this 
type of brittleness is represented by the ratio of the wm- e in 
pact value of the sample rapidly cooled to that of the sam- s brit 
ple slowly cooled from the tempering temperature. a 

A large number of tests were made to find an im- 
proved low chromium steel free of air hardening, which 
would retain its toughness after exposure under the condi- 
tions of the Greaves-Jones test. The results showed 
that the addition of columbium gave non-hardenable 4-6 
per cent chromium steels with a high degree of toughness. = is a 
Molybdenum was found to improve the creep strength of £ 
the steels containing columbium and should be employed 
when this is an important factor. Columbium additions to 
low carbon 3-4 and 2-3 per cent chromium steels proved 
to be beneficial, indicating that this element should mark- " on 
edly enhance the utility of all these low chromium steels. a avai 





TEELS of relatively low chromium content have been used dur- a 
ing the past few years for resisting mild corrosion both at normal 


A paper presented before the Neneteents Annual Convention of the Societ) 
held in Atlantic City, October 18 to 22, 1937. The author, Russell Franks, 1 
research metallurgist, Union Carbide and Carbon Research Laboratories, Inc. 
Niagara Falls, N. Y. Manuscript received August 7, 1937. 
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and moderately elevated temperatures. Among the steels that have 
received considerable attention are those containing between 4 and 
6 per cent chromium. Steels of this type have been applied in the 
form of cracking tubes, tube sheets, transfer lines, valves, baffles, 
etc., in the oil refining industry. They have also been used in super- 
heaters operating at moderately high temperatures and as furnace 
parts that function under similar conditions. 

While the steels have rendered good service in most instances, 
difficulty has been encountered, because of low toughness, which 
may develop during fabrication or in subsequent service. The low 
toughness that develops during fabrication is unquestionably re- 
lated to air hardening. The steels also become relatively hard when 
they are heated at the temperatures necessary for hot forming or 
welding and are then allowed to cool rapidly. The embrittlement 
observed at normal and subnormal temperatures in annealed steels 
that have been exposed in service for long periods at temperatures 
between about 400 and 650 degrees Cent. (750 and 1200 degrees 
Fahr.) is of a different type. Observations by Dixon and Wilten’ 
have led them to state that this type of embrittlement occurs with- 
out an increase in hardness or tensile strength. They also state that 
in some instances correlation has been found between this type of 
brittleness and temper brittleness, that according to Greaves and 
Jones* is produced after hardening by slow cooling from tempera- 
tures in the vicinity of 650 degrees Cent. (1200 degrees Fahr.). 
In fact, Wilten* shows that the 4-6 per cent chromium steels are 
subject to temper brittleness and failure may occur in oil refinery 
service because of loss of toughness. He states that if molybdenum 
is added the steels are not subject to temper brittleness, and experi- 
ence has shown that they function more satisfactorily. 

The carbon content has a marked influence on susceptibility to 
these three types of brittleness, and while data have been published 
on steels containing 0.15-0.20 per cent carbon little information is 
available on 4-6 per cent chromium steels containing 0.10 per cent 
or less carbon. It was decided to investigate the lower carbon steels, 
and the nonhardenable chromium steels containing titanium and 

H 


' M. Wilten and E. S. Dixon, “Aging Embrittlement of 4 to 6 Per Cent Chromium 
el,” Proceedings, American Society for Testing Materials, Vol. 34, p. 59, 1934. 
x. H. Greaves and J. A. Jones, ““Temper Brittleness of Steel; Susceptibility to Temper 
mb eee to Chemical Composition,” Journal, Iron and Steel Institute, Vol. 
» 6&9 ° IZs : 
i. M. Wilten, “Correlation of Failures from Embrittlement of 4-6 per cent Chro- 


a with the Notched Bar Impact Test,’’ Proceedings, American Society for 
laterials, Chicago Meeting, Sept. 30 to Oct. 4, 1935. 
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columbium* to see whether they would retain their toughness after 
rapid cooling from 900 degrees Cent. (1650 degrees Fahr.) and 
subsequent holding within the range between 400 and 650 degrees 
Cent. (750 and 1200 degrees Fahr.), and also after annealing and 
holding within the same range of temperature. It was further de- 
cided to determine whether the steels were subject to temper brittle 
ness. Difficulties have been met with because of the ill effects of 
subnormal temperatures on the toughness of steels of this type, and 
it was felt that if a modified 4-6 per cent chromium steel with a high 
degree of toughness at all temperatures extending from subnormal 
temperatures up to about 900 degrees Cent. (1650 degrees Fahr.) 
could be found, the material could be applied with greater facility 
than the present day steels of this type. 

With this purpose in view work was done on low carbon 4-6 
per cent chromium steels with normal silicon and manganese con- 
tents. In some instances these represented commercial steels, while 
in others they were made under experimental conditions that in- 
volved ingots varying in size from 2 by 2 by 16 inches to 8 by 8 by 
36 inches. These ingots were hot-worked into 34-inch diameter bars 
and '%4-inch plates from which standard Izod impact samples were 
taken and investigated under conditions to be later described. Sam- 
ples in each instance were tested for hardness, but all the Brinell 
values will not be given as it would involve submitting considerable 
unnecessary data. In conducting the impact tests at low tempera- 
tures the various samples were held at temperature for at least % 
hour, after which they were quickly transferred to the impact ma 
chine and tested within 5 seconds. 

The investigation was started on the low carbon 4 to 6 per cent 
chromium steels with or without molybdenum described in Fig. 1, 
which shows the results of temper brittleness tests on samples 
quenched from 900 degrees Cent. (1650 degrees Fahr.) and tem- 
pered for different periods between '% and 12 hours at 650 degrees 
Cent. (1200 degrees Fahr.), followed by furnace cooling. The 
steels were quenched from 900 degrees Cent. (1650 degrees Fahr. ) 
because this temperature represents a point slightly above the Ac, 
change. The tests showed that when the tempering period at 650 
degrees Cent. (1200 degrees Fahr.) was increased to 2 hours the 


‘F. M. Becket and Russell Franks, “Titanium and Columbium in Plain High Ch: 
mium Steels.”’ Transactions, American Institute of Mining and Metallurgical Engineers, 
Vol. 113, 1933. 
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steels reached optimum toughness and remained in this condition 
after tempering for 4, 8 and 12 hours followed by furnace cooling. 
Although the data are not given, similar results were secured after 
air cooling from 650 degrees Cent. (1200 degrees Fahr.) indicat- 
ing that if the carbon content was kept low the steels were not 
noticeably susceptible to the development of brittleness under the 
conditions of the test. 

In the next experiments on the same steels and a similar steel 
containing tungsten, samples were respectively water-quenched and 
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_ Fig. 1—Effect of Tempering for Different Periods at 650 Degrees 
Cent. on the Toughness of 4 to 6 Per Cent Chromium Steels with and 
Without Molybdenum. 


air-cooled from 900 degrees Cent. (1650 degrees Fahr.) and held 
at 400, 450, 550, 650 and 750 degrees Cent. (750, 840, 1020, 1200 
and 1380 degrees Fahr.) for two hours and furnace-cooled. It was 
decided to test samples so treated at room temperature, and also at 

40 degrees Cent. to approximate the most severe condition that 
might exist during the winter months. As shown in Figs. 2 and 3, 
the steels have low toughness in the quenched and air-cooled con- 
ditions. This is due to the fact that the Brinell hardness number 
tor the steels varied between 387 and slightly over 400. The curves 
oi these figures show that when the hardened steels are tempered 

‘(OO and 450 degrees Cent. (750 and 840 degrees Fahr.) their 
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toughness at room temperature is further adversely affected. In a 
few instances tempering at 550 degrees Cent. (1020 degrees Fahr.) 
caused a slight lowering of toughness but tempering at 650 and 750 
degrees Cent. (1200 and 1380 degrees Fahr.) markedly improved the 
toughness. The tests made at —40 degrees Cent. revealed that most of 
the steels suffered an additional decrease in toughness after quench- 
ing or air cooling and tempering at 400, 450 and 550 degrees Cent. 
(750, 840 and 1020 degrees Fahr.) but as before, when the tem- 
pering temperatures reached 650 and 750 degrees Cent. (1380 de- 
vrees Fahr.) the metal exhibited a high degree of toughness. These 
results therefore indicate that all these wrought low carbon steels 
tend to lose impact resistance on heating for the 2-hour period at 
either 400 or 450 degrees Cent. (750 or 840 degrees Fahr.). 

There is no further reference to the chromium steels contain- 
ing tungsten in the remainder of this paper. These tungsten-con- 
taining steels are used to some extent in the wrought state, but more 
particularly in the cast condition. Such castings when given special 
heat treatments by the fabricators have high impact value, and re- 
tain this in service to such a degree that no troubles from this cause 
are encountered. 

Silicon additions are trequently made to the 4 to 6 per cent 
chromium steels with and without molybdenum to enhance re- 
sistance to oxidation at elevated temperatures, and steels of this type 
were tested for toughness after treatment at the different tempera- 
tures. It was found, as shown in Figs. 4 and 5, that the presence 
of about 1.50 per cent silicon greatly reduced the toughness of the 
steels. The data show that the molybdenum-free 4 to 6 per cent 
chromium steel containing 1.49 per cent silicon has relatively low 
toughness at —40 degrees Cent. even after furnace cooling from 
690 and 750 degrees Cent. (1200 and 1380 degrees Fahr.) follow- 
ing the quench or air cool from 900 degrees Cent. (1650 degrees 
Fahr.). The steel also exhibited low toughness at room tempera- 
ture after the temper at 650 degrees Cent. (1200 degrees Fahr.), 
showing definitely that silicon produced an adverse effect. How- 
ever, it is apparent that molybdenum has a strong tendency to coun- 
teract the adverse effect of silicon. 

A thorough investigation was made of the nonhardenable 4 
to 6 per cent chromium steels with and without titanium or colum- 
bium because of the possibility of securing steels that would retain 
their toughness after exposure to temperatures between 900 and 
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40 degrees Cent. This seemed probable because steels contain- 
ing proper amounts of titanium or columbium can be heated at the 
higher temperatures for short periods without losing toughness and 
increasing in hardness, as is the case with the 4 to 6 per cent chro- 
mium steels with and without molybdenum. The titanium content 
was held between 4 and 7 times the carbon content, while the colum- 
hium content ranged between 6 and 10 times the carbon content 
and in every instance the carbon content of the steels was held at a 
maximum of 0.10 per cent. 

To begin with, titanium-bearing 4 to 6 per cent chromium steels 
with and without molybdenum were respectively water-quenched 
and air-cooled from 900 degrees Cent. (1650 degrees Fahr.). As 
before, the steels were tempered at the different temperatures be- 
tween 400 and 750 degrees Cent. (750 and 1380 degrees Fahr.) for 
2 hours and furnace-cooled, and the results obtained are plotted in 
Figs. 6 and 7. Similar data previously obtained on the 4 to 6 per 
cent chromium steels are given for the sake of comparison. 

In the quenched and air-cooled conditions the steels containing 
titanium gave Izod values from 90 to slightly over 100 foot-pounds 
but on tempering at 450 and 550 degrees Cent. (840 and 1020 de- 
orees Kahr. ) these values dropped to below 20 foot-pounds. Mo- 
lybdenum additions markedly improved the steels, as observed in the 
tests conducted at room temperature. However, these steels ex- 
hibited little toughness at —-40 degrees Cent. after tempering at 400, 
450 and 550 degrees Cent. (750, 840 and 1020 degrees Fahr.), show- 
ing that although the steels containing titanium were relatively free 
of hardening they possessed low toughness after treatment in the 
range 400 to 550 degrees Cent. (750 to 1020 degrees Fahr.). 

It was thought that the titanium-containing steels would retain 
their toughness to a greater extent in the annealed condition. Sam- 
ples of the steels in this state were heated for 700 hours between 
400 and 650 degrees Cent. (750 and 1200 degrees Fahr.) to dupli- 
cate approximately service conditions, and tested at room tempera- 
ture and —40 degrees Cent. It was again noted as revealed by Fig. 


1 


S that the steels lost toughness on account of the exposure to 400 
450 and 550 degrees Cent. (750, 840 and 1020 degrees Fahr.). On 
the other hand, the steels containing both titanium and molybdenum 
were found to be quite tough under these conditions, and it is appar- 
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that molybdenum greatly benefits the steels. The 4 to 6 per cent 


chromium steels without titanium lost some toughness after treat- 
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Fig. 6—Effect of Tempering for Two Hours at Different 
Temperatures on the Toughness of 4 to 6 Per Cent Chromium 

Steels with and without Molybdenum and Titanium. ‘ 
‘ 5 , 

ment at 450 degrees Cent. (840 degrees Fahr.) but these did not 
depreciate in toughness to the same extent as those containing only " 
titanium. n 
The hardness values obtained on the titanium-bearing steels ( 
that exhibited such low toughness are worthy of consideration and I 
data of this type are given in Table I. a 
The low carbon 4 to 6 per cent chromium steels are relatively 7 
hard after air cooling from 900 degrees Cent. (1650 degrees Fahr.) i 
and have a tendency to harden further on tempering for 2 hours at 
450 degrees Cent. (840 degrees Fahr.). In the annealed condition ie 
the same steels exhibit no tendency to harden as a result of heating i 






at any of the temperatures between 400 and 650 degrees Cent. (750 
and 1200 degrees Fahr.). In contrast, the steels containing titanium 
are soft after air cooling from 900 degrees Cent. (1650 degrees 









March 


did not 
ing only 


ng steels 
ition and 


relatively 
es Fahr.) 
- hours al 
condition 
»f heating 
‘ent. (750 
x titanium 


OQ degrees 


1939 COLUMBIUM IN CHROMIUM STEELS 87 


Table I 
Hardness Tests on 4 to 6 Per Cent Chromium Steels Containing Titanium 


pa Per Cent————___. 


NN Os ts oh gd wr pre ke aaa a 5.48 5.95 6.06 4.78 
Re ee aa a hele a lagi tae 0.05 0.07 0.08 0.06 
SES. aig Sed Rew wb elas > 6" ew Be 0.55 pains 0.48 
tee et oe eae ee . oe 0.42 0.30 


srinell Brinell Brinell Brinell 


Heat Treatment Number Number Number Number 

Air-cooled from 900 degrees Cent. .............0-.- 302 351 128 137 
Air-cooled from 900 degrees Cent. Tempered 2 hr. at 

400 degrees Cent. and furmace-cooled .......... 302 375 126 131 
Air-cooled from 900 degrees Cent. Tempered 2 hr. at 

450 degrees Cent. and air-cooled ............... 321 387 126 124 
Air-cooled from 900 degrees Cent. Tempered 2 hr. at 

550 degrees Cent. and furnace cooled ...... od 286 255 124 121 
Air-cooled from 900 degrees Cent. Tempered 2 hr. at 

650 degrees Cent. and furnace-cooled .......... 134 137 121 124 


Air-cooled from 900 degrees Cent. Tempered 2 hr. at 


750 degrees Cent. and furnace-cooled 3 2 1 
Heated at 750 degrees Cent. 4 hr. and air-cooled .... 131 143 128 1 
Heated at 750 degrees Cent. 4 hr. and air-cooled. Tem- 

pered 700 hr. at 400 degrees Cent. and furnace- 


I Sle a eee ae, sald aarti i dite eo KUTE wlio. se ab Ve ab 124 149 126 143 
Heated at 750 degrees Cent. 4 hr. and air-cooled. 

Tempered 700 hr. at 450 degrees Cent. and fur- 

IIE so: fiakr'n od hidin id Wien sa (at A ote ote clot ee ak ic Ode 121 149 126 143 
Heated at 750 degrees Cent. 4 hr. and air-cooled. 

Tempered 700 hr. at 550 degrees Cent. and fur- 

SE 8 rey nay ov ice bo ee eas a ee 121 146 126 137 
Heated at 750 degrees Cent. 4 hr. and air-cooled. 

Tempered 700 hr. at 650 degrees Cent:-and fur- 

SE oo we’ We'd 2 oo eS ar¥ cbc wig ad Sete oss 116 143 121 137 


Fahr.) and their hardness does not noticeably change on heating at 
the different temperatures, which reveals that the loss in tough- 
ness exhibited by the steels after tempering at 400, 450 and 550 
degrees Cent. (750, 840 and 1020 degrees Fahr.) is not accom- 
panied by a definite change in hardness. 

Decidedly different results were secured when similar treat- 
ments were applied to the columbium-bearing 4 to 6 per cent chro- 
mium steels. It was found, as shown in Figs. 9 and 10, that after 
quenching and air cooling from 900 degrees Cent. (1650 degrees 
Fahr.) these steels retained their toughness to a high degree both 
at normal and sub-zero temperatures after heating between 400 and 
750 degrees Cent. (750 and 1380 degrees Fahr.) followed by fur- 
nace cooling. A slight drop in toughness was noted at —40 degrees 
Cent. after quenching from 900 degrees Cent. (1650 degrees Fahr). 
and tempering at 400 and 450 degrees Cent. (750 and 840 degrees 
Kahr.) but this was not of a serious nature. A good confirmation 
i this was obtained in the samples held for 700 hours at the differ- 
ent temperatures after air cooling from 900 degrees Cent. (1650 de- 
ahr. ), which shows that the steels retain their toughness dur- 
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ing a long exposure to these temperatures. These latter data are 
presented in Fig. 11, and those of Fig. 12 show that in the an- 
nealed state there is little likelihood the steels will develop brittleness 
because of exposure to similar temperatures. These data are of con- 
siderable importance from a practical standpoint, since they indicate 
that the nonhardening columbium-containing + to 6 per cent chro- 
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Fig. 7—Effect of Tempering for Two Hours at Dif- 
ferent Temperatures on the Toughness of 4 to 6 Per Cent 
Chromium Steels with and without Molybdenum and Ti- 
tanium. 





mium steels are relatively tough after exposure to temperatures be- 
tween 750 and —40 degrees Cent. This should permit them to be 
used with greater safety than the plain 4 to 6 per cent chromium 
steels in applications in which the latter are now employed. 

srinell hardness values were obtained on the steels that were 
held for 700 hours at the different temperatures. These are given 
in Table IT. 

The data in this table are of particular interest because they 
show that on long holding at 400 degrees Cent. (750 degrees Fahr.) 
after air cooling from 900 degrees Cent. (1650 degrees Fahr.) the 
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Table Il 
Hardness Tests on 4 to 6 Per Cent Chromium Steels Containing Columbium 
Per Cent——— - 
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Fig. 9—Effect of Tempering for Two Hours at Different 
Temperatures on the Toughness of 4 to 6 Per Cent Chromium 
Steels with and without Molybdenum and Columbium. 
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Fig. 13—-Effect of Tempering for Two Hours at Differ 
ent Temperatures on the Toughness of 4 to 6 Per Cent Chro 
mium Steels with and without Molybdenum and Vanadium 


+ to 6 per cent chromium steels harden further to a noticeable de 
gree. When the holding temperature is increased to 450 and 550 
degrees Cent. (840 and 1020 degrees Fahr.) the steels becom 
softer, as is the case when they are held at 650 and 750 degrees 
Cent. (1200 and 1380 degrees Fahr.). As was to be expected the 
columbium-containing steels were quite soft after treatment at all 
the temperatures between 900 and 400 degrees Cent. (1650 and 75! 
degrees Fahr.). 

Tests were conducted on 4 to 6 per cent chromium steels t 
which vanadium was added to secure nonhardening properties. \s 
before, the steels were heated at different temperatures and tested 
for toughness, and as shown in Fig. 13, they exhibited even greater 
loss in toughness than those containing titanium. This was associ- 
ated with an increase in hardness that was especially noticeable afte 
the temper at 450 degrees Cent. (840 degrees Fahr.). it was cor- 
cluded that while vanadium would reduce the air hardening of the 
4 to 6 per cent chromium steels, the metal was susceptible to the 
development of low toughness during exposure to 400 and 450 de 
erees Cent. (750 and 840 degrees Fahr.). 
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The final steels of the investigation contained between 2 and 3 
per cent and 3 and 4 per cent chromium, and were of low carbon 
content. These steels were treated with the proper percentages 
of titanium and columbium, and tested for toughness after air cool- 
ing and quenching from 900 degrees Cent. (1650 degrees Fahr.). 
It was interesting to find that the low carbon 3 to 4 per cent chro- 
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Fig. 14—-Effect of Tempering for Two Hours at Differ- 
ent Temperatures on the Toughness of 3 to 4 Per Cent Chro- 


n steels mium Steels with and without Molybdenum and Titanium. 


erties. .\s 
mium steels were quite susceptible to hardening, especially if they 
were quenched from 900 degrees Cent. (1650 degrees Fahr.). The 
steels air-cooled from the same temperature were somewhat softer 


and tested 
ven greater 
was associ 
-eable after but even in this instance were fairly hard. The low carbon 2 to 3 
per cent chromium steels were also hard after quenching from this 
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ht was cot 
ning of the ‘rature although they were left in a relatively soft state after 
tible to the 


ind 450 de 


air cooling. The data of Fig. 14 reveal that, as in the instance of 
the © 6 per cent chromium steels, titanium fails to impart tough- 
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s determined by impact tests, to the 3 to 4 per cent chromium 
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steels even though they are relatively free of air hardening. The 
decrease in toughness that occurred in the steels on holding at 400. 
450 and 550 degrees Cent. (750, 840 and 1020 degrees Fahr.) and 
furnace cooling took place without a marked change in _hard- 
ness. Columbium additions yielded steels that were tough after 
treatment at all temperatures between 900 and —40 degrees Cent. 
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Data on these latter steels are illustrated by Figs. 15 and 16, which 0 
also show that the 3 to 4 per cent chromium steels without colum- 7 
° : . - W 
bium tend to decrease in toughness on tempering at 400 and 450 de- 
. ° ° ' a v] 
grees Cent., particularly if they are exposed to —40 degrees Cent. 
ns ‘ : : “os Bie 
A study of Figs. 17 and 18 shows that the titanium addition | 
! = 6m 
actually reduces the toughness of the 2 to 3 per cent chromium 
steels when they are exposed to —40 degrees Cent. and, as in pre- 4 
' ‘ sida : 
vious instances, molybdenum improves the toughness of the titanium . 
. . - . . Cc 
containing steels. A good indication of the effect of carbon 1s pro- es 
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taining 2.60 per cent chromium. This steel exhibited considerable 
toughness after quenching from 900 degrees Cent. (1650 degrees 
Fahr.) and no decrease in this property occurred on tempering at 400 
and 450 degrees Cent. (750 and 840 degrees Fahr.) and furnace 
cooling. The slightly higher carbon content steels were quite tough 
after air cooling from 900 degrees Cent. (1650 degrees Fahr.) but 
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fram 900 °*C . 2 
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‘ Fig. 16—Effect of Tempering for Two Hours at Dif- 
ferent Temperatures on the Toughness of 3 to 4 Per Cent 


Chromium Steels with and without Molybdenum and 
Columbium. 


these steels showed a slight decrease in toughness when exposed to 
400 and 450 degrees Cent. (750 and 840 degrees Fahr.). 

A high degree of toughness was obtained in the low carbon 2 
to 3 per cent chromium steels by the addition of between 0.30 and 
U.40 per cent columbium. It will be noted in Figs. 19 and 20 that 
while these steels are fairly tough after rapid cooling from 900 de- 
grees Cent. (1650 degrees Fahr.) columbium enhances this prop- 
erty, and under conditions where toughness is important this element 
may be advantageously used. 

\iter completing the experiments which showed that some of 
the steels retained their toughness at —40 degrees Cent., it was de- 
cided to continue the investigation employing still lower tempera- 
tures. Samples of the various steels with and without molybdenum 














96 TRANSACTIONS OF THE A. S. M. March 





and columbium were fully annealed and subjected respectively to 





temperatures of —/70, —100, and —120 degrees Cent. It was ob- 






served, as shown in Table III, that the plain chromium steels in the 






properly annealed condition retained a good deal of their toughness 





at temperatures down to —120 degrees Cent. The molybdenum and 






columbium-containing steels were also tough under these conditions 
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ent Temperatures on the Toughness of 2 to 3 Per Cent Chro a 
mium Steels with and without Molybdenum and Titanium. 
but it was clear that these two additions added little to the low tem- 
perature toughness of the steels. At —183 degrees Cent. all the 
steels suffered a marked decrease in toughness. 
It is evident from previous discussion that the addition of colum- 
bium to low carbon steels containing between 2 and 6 per cent chro- 
mium produces nonhardenable steels that retain their toughness ee 
° e a ore 
when heated through a rather wide range of temperatures. In view 
Stee 






of this, a brief description of other properties of these steels should 
Table IV describes the tensile characteristics of the 
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be of interest. 
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Table Ill 
Results of Low Temperature Tests on 3 to 6 Per Cent Chromium Steels 





-Per Cent- 





CS oi i eed 5.07 3.47 3.56 5.96 5.97 5.72. 5.60 

ST ee) ee ... 0.07 0.06 0.06 0.08 0.09 0.06 0.06 

SE PTO Toe Rae. “eee cect. Oe. count ee 

CNS Sins ssc an on dee heoe coe ee « asad eee 6. ek 

-Izod Impact, Ft.-Lb.————_——__ 
\ir-cooled from 900 degrees Cent. Held 3 hr. 
at 750 degrees Cent. and air-cooled. Tested 

ae .)lU ees eer eee 77 90 80 89 96 81 86 


Air-cooled from 900 degrees Cent. Held 3 hr. 

at 750 degrees Cent. and air-cooled. Tested 
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Fig. 18—Effect of Tempering for Two Hours at Dif 
ferent Temperatures on the Toughness of 2 to 3 Per Cent 
Chromium Steels with and without Molybdenum and Ti 
tanium. 


steels in the annealed condition and after air cooling from 900 de- 
stees Cent. (1650 degrees Fahr.). These data show that while the 
steels containing from slightly less than 4 to 6 per cent chromium 


are soit and ductile in the annealed condition, they are relatively hard 
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Fig. 19—Effect of Tempering for Two Hours at Differ 
ent Temperatures on the Toughness of 2 to 3 Per Cent Chro 
mium Steels with and without Molybdenum and Columbium 
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and low in ductility after air cooling from 900 degrees Cent. (1650 
degrees Fahr.). The steels containing columbium possess high duc- 
tility and are soft when treated similarly. The practical meaning of 
this is that if it is necessary to bend or otherwise shape plates, sheets, 
strip or bars these operations can be carried out by heating and sub- 
sequently cooling the columbium-bearing steels in air from about 900 
degrees Cent. (1650 degrees Fahr.) without simultaneously causing 
them to become hard and low in toughness and ductility, as is the 
case with the plain chromium steels. The data in this table are of 
additional interest. The low carbon 2.50 per cent chromium steels 
exhibit little tendency to harden when air-cooled from 900 degrees 
Cent. (1650 degrees Fahr.), showing that about 3 per cent chromium 
is required to impart air hardening properties to the low carbon steels. 


Table IV 
Physical Tests on Wrought Chromium Steels Containing Columbium 
(Standard Test Pieces Taken from %-In. Round Bars) 


Per Per 
Cent Cent 
Max. El. Red. Izod Brinell 


—-~Per Cent - Yield Pt Stress in in Impact Num- 
Cr Cc Mo Cb Treatment p.s.i. p.S.i. 2In. Area Ft-Lb. ber 
2.65 0.06 yaks oe a No. 1 43,500 60,000 42 79 85 121 
65 0.06 ce et eer No, 2 46,500 68.000 35 72 69 166 
2.57 0.07 0.55 i No. 1 51,000 68,750 35 78 85 131 
2.57 0.07 0.55 aes No. 2 62,350 101,000 24 51 54 192 
53 0.09 ot a 0.56 No. 1 49,500 66,750 35 78 98 131 
: 0.09 ee 0.56 No. 2 46,000 66,100 40 79 88 124 
2.61 0.07 0.49 0.55 No. 1 49,000 70,500 28 78 90 131 
2.61 0.07 0.49 0.55 No. 2 46,400 61,850 37 81 91 124 
67 0.06 uations wus No. 1 43,500 65,000 37 78 100 131 
67 0.06 nee. aioe No. 2 56,500 91,000 25 50 58 286 
3.68 0.07 0.50 wea No. 1 52,000 77,000 3] 76 90 143 
3 68 0.07 0.50 van No. 2 82.000 112,000 12 28 27 290 
3.76 0.06 bid ote 0.56 No. 1 44,000 73,500 31 79 95 131 
76 0.06 ies 0.56 No. 2 45,000 67,000 43 85 S4 120 
3.74 0.06 0.51 0.47 No. 1 43,000 72.500 33 78 96 137 
3.74 0.06 0.51 0.47 No. 2 39,000 65,000 42 84 82 118 
6.03 0.08 Le Ske No. 1* 54,000 83,500 31 74 91 153 
6.03 0.08 a ase No. 2 163,000 197,000 6 20 19 351 
5.81] 0.08 0.45 ee No. 1* 56.000 86.000 29 Te 101 149 
81 0.08 0.45 eas No. 2 143,000 173,000 4 16 12 340 
6.0¢ 0.08 ha 0.58 No. 1* 39,000 72,000 36 78 90 146 
6.U¢ 0.08 ee 0.58 No. 2 40,000 75,500 31 69 88 149 
0.08 0.51 0.56 No. 1* 39,000 75,000 35 78 95 143 
6.04 0.08 0.51 0.56 No. 2 41,000 76.000 31 70 89 149 
Note: No. 1 Treatment = Heated at 750 degrees Cent. 2 hr. and air-cooled. 
No. 2 Treatment = Air-cooled from 900 degrees Cent. 
No. 1* Treatment = Heated at 750 degrees Cent. 4 hr. and air-cooled. 








“requently welding is required in fabricating equipment. The 
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columbium-bearing 4 to 6 per cent chromium steels can be success- 
fully 


welded with a chromium-nickel steel welding rod without en- 
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countering difficulty due to excessive hardening in the zones immedi- 
ately adjacent to the weld. It is revealed by the photographs of Fig, 
21 that the low carbon 4 to 6 per cent chromium steel containing mo- 


adja 
be ) 
the 1 
lybdenum hardens appreciably in the zones adjacent to the weld. saline 
which is due to the air hardening characteristics of the steel. Experi- shou 
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Fig. 21—Rockwell “B’’ Hardness Values on Welded 
4 to 6 Per Cent Chromium Steels with and without 
Columbium. Welded with a 24 Per Cent Chromium—12 
Per Cent Nickel Steel Rod. “A” Arc Weld Made in 
Annealed One-Half Inch Plate of Steel Containing 5.09 
Per Cent Chromium, 0.46 Per Cent Molybdenum and 0.07 
Per Cent Carbon “B” Arc Weld Made in Annealed 
One-Half Inch Plate of Steel Containing 5.82 Per Cent 
Chromium, 0.53 Per Cent Molybdenum, 0.51 Per Cent 
Columbium and 0.06 Per Cent Carbon. The Columbium 
fearing Steel is Relatively Free of Hardening in Zones 


Adjacent to Weld 


ence has shown that it is advisable to anneal welded structures of 
these steels -o be sure that serious difficulties are not encountered 
because of the hardening. The welds produced in the columbium- 
bearing 4 to 6 per cent chromium steels with the 24 per cent chro- 
mium and 12 per cent nickel steel rods possess a high degree of duc- tain 


tility and toughness and the metal is not greatly hardened in the they 
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adjacent zones. Izod impact values of at least 35 foot-pounds will 
be obtained in these welds and in the adjacent zones, showing that 
the unannealed welds are sufficiently tough for many purposes. If 
intergranular corrosion in the weld metal is involved the welding 
should be done with a columbium-bearing steel rod containing similar 
percentages of chromium and nickel. 

Another improvement resulting from the columbium addition 1s 
an enhancement in oxidation resistance. As implied earlier, colum- 
bium combines with the carbon present in the steels and the carbides 
formed no longer function like chromium carbides or the double car- 
bides of chromium and iron that may exist in the plain chromium 
steels. The result is to release chromium from carbide formation, 
which permits more of this element to enter the solid solution and 
exert its favorable influence. The data given in Table V were secured 
in tests made in a strictly oxidizing atmosphere on samples that con- 
sisted of solid cylinders 7% inch in diameter by 114 inch long. The 
samples were furnace cooled after exposure to the temperatures in- 
dicated, and the percentage loss of weight determined. The figures 
given clearly show that columbium improves the heat resistance of 


the steels. 


Table V 
Oxidation Tests on Chromium Steels Containing Columbium 


Per Cent Loss in Weight Per Cent Loss in Weight 


After Exposure After Exposure 
Per Cent for 1000 Hr. at 640 to 650 for 900 Hr. at 720 to 730 

C1 cE Mo Cb Degrees Cent. Degrees Cent. 
ae |) presley 8.16 26.50 
a Cee as 2 3.40 16.80 
any ~ Ce we ec 3.79 19.32 
oe. ee wc a Mee 2.42 12.25 
»61 0.07 0.49 0.56 3.20 16.00 
49 0.07 2.98 10.90 
ee. 6.50 -.. 2.74 10.40 
7 Ceeiw.s SSS ae 6.20 
& 0.08 0.53 0.51 1.22 5.60 
6 0.08 0.39 6.10 
7 ~+0.09 0.5 ere 0.20 5.40 
05 Gae-..., OO 0.10 0.87 
87 0.09 0.52 0.52 0.10 0.70 


The effect of columbium on the creep strength of the 4 to 6 per 
cent chromium steels at elevated temperatures is of importance, and 
data in this connection are given in Fig. 22. These data were ob- 
tained in creep tests made according to the weigh bar method, and 


they indicate that columbium has practically no effect on strength at 
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moderately high temperatures even though, as previously shown, 
columbium appears to reduce the strength of the steels at room 
temperatures slightly. Molybdenum, however, increases the creep 
strength of the columbium-bearing steels to a marked degree, es- 
pecially at temperatures of 538 degrees Cent. (1000 degrees Fahr.). 
The value given at 648 degrees Cent. (1200 degrees Fahr.) for the 















56 % Cr, O'06 
~% C, O54 % Cb, 
s O53 % Mo 





1 54% Cr, 
006 % C, 
O53 % Cb 







no 


0 
483 538 594 648 760 
lenpersture, °C. 








Fig. 22—Creep Strength at Various 
Temperatures of 4 to 6 Per Cent Chromium 
Steels with and without Columbium and 
Molybdenum. (1 Per Cent in 10,000 
Hours). 









plain 4 to 6 per cent chromium steel is purely an approximation 
because data on the creep strength of the steel by this method were 
not available. This explains why a part of the curve is drawn using 






dash lines. 





SuM MARY 








This investigation has revealed that columbium additions to 
wrought steels containing between 2 and 6 per cent chromium and up 
to about 0.10 per cent carbon with normal manganese and silicon 
contents, enhance their toughness under conditions that involve ¢x- 
posure for either long or short periods at temperatures between 750 
and —40 degrees Cent. The columbium-bearing steels can be co led 
either fast or slowly from temperatures within this range without de- 










veloping low toughness. 
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Columbium reduces the air hardening characteristics of the low 
carbon 3 to 6 per cent chromium steels, which permits them to be 
heated as may be required in fabrication to temperatures in the 
neighborhood of 900 degrees Cent. (1650 degrees Fahr.) or slightly 
higher for short periods and air-cooled without greatly increasing in 
hardness. The steels retain their toughness both at room tempera- 
ture and at —40 degrees Cent. after such treatment, which indicates 
that if excessive heating should occur in service or if it is necessary 
to make repairs, difficulties are not likely to occur because of low 
toughness. 

The steels containing columbium can be welded using an austenite 
chromium-nickel steel rod of the 24-12 or 25-20 type, and a high de- 
gree of ductility and toughness can be obtained in the weld and the 
adjacent zones. If the welds are exposed to corrosive conditions in 
the range 300 to 700 degrees Cent. (570 to 1290 degrees Fahr.) 
the welding rods should also contain columbium. 

Columbium improves the oxidation resistance of the 3 to 6 per 
cent chromium steels at temperatures as high as 700 to 750 degrees 
Cent. (1290 to 1380 degrees Fahr.) and does not detrimentally affect 
the creep strength of the 4 to 6 per cent chromium steels at 538 and 
594 degrees Cent. (1000 and 1100 degrees Fahr.) even though the 
strength of the steels at normal temperatures appears to be slightly 
lowered. 

These improvements are obtained in 0.10 per cent maximum car- 
bon steels containing 3 to 4 and 4 to 6 per cent chromium, and from 
6 to 10 times as much columbium as carbon. Columbium additions 
equivalent to at least 5 times the carbon content are edequate for en- 
hancing the properties of the 2 to 3 per cent chromium steels. Mo- 
lybdenum has been found to be a valuable addition to the columbium- 
bearing 4 to 6 per cent chromium steels as it imparts enhanced re- 
sistance to creep at moderately high temepratures. 

Other additions such as titanium or vanadium will reduce the 
air hardening in similar steels, but these steels do not retain their 
toughness like those containing columbium. In the properly hot- 

worked condition the columbium-bearing low chromium steels retain 
toughness which together with the other valuable attributes should 
render them highly useful to industry. 
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DISCUSSION et 
A. F. Brarp:’ I would like to ask the author what the loss in columbium po 
is, if any, on columbium-welded steels. — 
RusseELL FrRANKs: Yes, there is some. The average loss of columbium — 
during welding does not exceed 25 per cent. This means that 75 per cent of the 
columbium in the rod is retained in the weld. , 
G. F. Comstock :* Is there any theoretical explanation of the effect of ees 
columbium in reducing the brittleness after holding the temperature as Mr aned 
Franks showed, and, if so, why does columbium have that effect? a) 
Russe_t Franks: I can only express an opinion in regard to that ques- fi 
tion. Columbium seems to precipitate the carbon as carbide out of the solid a 
solution of ferrite without at the same time increasing the grain size. There — 
are several other alloying elements that will give freedom from brittleness, ; 
but in so doing you get a material with increased grain size, which is likely 7 
to develop brittleness at low temperature; in other words, the columbium- » Dh 
bearing steels containing 4 to 6 per cent chromium steel are relatively free of 
air hardening and have fine grains, whereas with some of the other elements = ; 
this is not the case. ig 
R. E. Bannon:’ I could not quite make out from the slides how much titenie 
columbium was in the steels containing columbium alone. \ 
Russet, Franks: The steels contain about one-half of one per cent oi 4 
columbium, which is six to eight times the carbon content. a 
V. N. Krivosox :* I was very much interested in the paper, also in the “tals 
explanation given to Mr. Comstock. I wonder if this possibility has been con- 3 . 
sidered: It seems that the carbides of columbium are relatively easily pre- ites 
cipitated. Is it not possible that they go back into solution with difficulty, datas 





hence depriving the matrix of the necessary carbon which would confer the 





hardening properties? I believe it has been demonstrated that carbides 0! 





various elements dissolve in austenite at different rates. Unfortunately | hav 






not studied the columbium carbide. 
Russet, Franks: I might add this to what Dr. Krivobok has said. Th 






information given here this afternoon has been on the low carbon wrought 






steels: so far we have not been able to successfully use columbium in cast 4 







‘Metal and Thermit Corp., New York. 
2Metallurgical engineer, Titanium Alloy Mfg. Co., Niagara Falls, N. Y. 
%Metal and Thermit Corp., Carteret, N. J. 

4Allegheny-Ludlum Steel Corp.; Brackenridge, Pa. 
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to 6 per cent chromium steels because of the fact that the castings obtained 
do not have sufficient toughness for some purposes. For other purposes they 
might be perfectly all right, but as a rule the cast columbium-bearing 4 to 6 
per cent chromium steels are not as tough as we would like to have them. 
Our investigations have shown that once the columbium carbide is formed, it 
precipitates in the casting at the grain boundary and remains there. It also 
precipitates in other parts of the steel. We have done some work along the 
lines Dr. Krivobok is thinking about. We have endeavored to improve the 
toughness by heating the steel up as high as 1200 degrees Cent., but have not 
heen successful in securing a solution of the columbium carbide. In low carbon 
4 to 6 per cent chromium steels containing vanadium, it is apparent that the 
vanadium carbide is soluble enough because if the temperature increases enough, 
there is an improvement in the toughness of the steels containing vanadium. 
However, the high vanadium content steels possess other defects. 

V. N. Krivopox: Is the hardenability increased ? 

Russe_t Franks: Yes. The hardenability is somewhat increased. 

V. N. Krivosoxk: In other words, there is a possibility that the explanation 
based on solubility is a correct one. 

RusseLL FRANKS: Yes, but we cannot take enough of the columbium 
‘arbide into solid solution at 1200 degrees Cent. to obtain the desired result. 

V. N. Krivosok: Then you cannot, in your opinion, drive carbides into 
solution even at 1200 degrees Cent? 

RussELL FrANKsS: I only refer to columbium carbides. 

V. N. Krivopok: That bears out our experience quite nicely. 

R. E. Bannon: This question is directed both to Mr. Franks and also 
to Dr. Krivobok: Do you mean to say you found that titanium carbide! goes 
into solution quite readily, or does it approach columbium in this respect? 

RussELL FRANKS: Titanium carbide is not as insoluble as columbium 
carbide. At 1200 degrees Cent. I believe you can take in at least half of the 
titanium carbides present in the steel. 

\nother indication of this is shown by the fact that in austenitic steels 
of the 18-8 type you can take titanium carbide into solid solution much more 
easily than you can columbium carbide; we have established that very defi- 
nitely 

\. N. Krivosoxk: I would like to start a friendly argument; I should like 
to hear from someone in this audience, to tell me whether or not they have 
definite proofs regarding first the existence and also the nature of both titanium 
and columbium carbides? Has anybody done work which definitely proves that 

titantum-bearing steel we find titanium carbide ? 

RUSSELL FRANKS: Yes, we have done quite a little work. 

V. N. Krivosok: How do you know they are carbides? 

RUSSELL FRANKS: We have actually separated the carbides after dis- 
solving the steel away and have made a carbon determination on the residue; 
he carbon found in the residue agrees with that obtained on the sample 
analyzed for carbon by the usual procedure. 

EE. BANNoN: So you feel definitely sure that you do have carbides? 
SSELL Franks: Yes, we feel quite sure about that. 





































A NEW 70/30 NICKEL-COPPER ALLOY SUBJECT 
TO PRECIPITATION HARDENING 





By Ericu FEtz 


Abstract 


This paper briefly discusses the various types of 70/30 
nickel-copper alloys rendered subject to precipitation hard- 
ening by the addition of one or more elements. 

The writer's former research work on copper-nickel- 
tin is extended to the 70/30 nickel-copper composition. 
The precipitation hardening effects in this alloy 1m relation 
to rising tin additions up to 20 per cent, to aging tempera- 
ture and to time up to 1000 hours were investigated. The 
capacity of tin-containing 70/30 nickel-copper for plastic 
deformation and the softening characteristics of pure cold- 
worked 70/30 nickel-copper were studied in conjunction 
with the problem of superimposition of strain hardening 
and precipitation hardening effects. 


HE physical properties of the alloys of the copper-nickel-tin 

type have been recently the subject of a series of investigations 
(1-6). However, this research was restricted to a maximum nickel 
content of 40 per cent. Precipitation hardening tests of this author 
disclosed the formerly established homogeneity range of the alpha- 
solid solution of the ternary copper-nickel-tin system to be incorrect 
at several points. 

Regarding the binary systems bounding the ternary constitutional 
diagram, the copper-tin and nickel-copper diagrams have been the 
subject of a great number of investigations. Only two complete 
studies of the nickel-tin system were available (and these were 30 
years old, and contradictory) until two recent investigations partly 
(7) and completely (8-11) based on X-rays were made. From a 
technological point of view, the revision of the alpha-phase boundary 
line represents the most important feature of the latest research on 
nickel-tin alloys. 

It had been briefly announced previously (12) that the range oi 
copper-nickel-tin alloys responding to precipitation hardening treat- 


1The figures appearing in parentheses refer to the bibliography appended to this paper. 





A paper presented before the Twentieth Annual Convention of the Society 
held in Detroit, October 17 to 21, 1938. The author, Erich Fetz, is research 
metallurgist, Wilbur B. Driver Co., Newark, N, J. Manuscript received June 
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ments is much larger than could be expected on the basis of former 
investigations, the most extensive of which was made by Wise (13). 
In Fig. 1 are given the contributions of the various investigators and 
the new provisional alpha phase boundary lines. A confirmation by 
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X-rays is underway (14). The ternary constitutional diagram in- 
dicates that solid solutions of copper and nickel of any proportion 
should theoretically respond to precipitation hardening treatments 
after the addition of a reasonable amount of tin. 

Among the cupro-nickels with over 40 per cent nickel, the 70/30 
nickel-copper composition probably represents the most important 
one. It has gained considerable commercial importance under the 
trade name of “Monel” metal in honor of the inventor of the 
“natural” alloy which always contains some iron, manganese, silicon 
and carbon. In recent years, the original Monel composition has 
been modified and several precipitation hardening Monel metals have 
been discovered. In view of these important developments, an exten- 
sion of the former experiments on copper-nickel-tin alloys beyond 
the 40 per cent nickel limit seemed to offer interesting theoretical and 
commercial possibilities. 


PRECIPITATION HARDENING MoNEL METALS 


As early as 1914, the hardening effect of aluminum upon the 
copper-nickel solid solution was noted by Read and Greaves (15, 16) 
who found in alloys containing maximum nickel and aluminum con- 
tents of 10 per cent “the separation of a second constituent from 
homogeneous copper-nickel solid solutions.” Further studies of the 
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ternary copper-nickel-aluminum alloys were made by Austin and 
Murphy (17), Jones, Pfeil and Griffiths (18) and Brownsdon, Cook 
and Miller (19). However, the development of precipitation hard. 







ening aluminum-Monel was largely the work of Mudge and Merica, 
(20) while Fuller (21) obtained a patent on Monel metal to which 
aluminum plus carbon is added. Although a patent covering the 








age-hardening treatment of aluminum-Monel was filed as early as 











Table I 
Precipitation Hardening Effects in Beryllium-Monel 








(After Masing and Pocher) 
Brinell Hardness 





Aging Treatment 
















Maximum Brinell After Quenching 
% Be As Quenched Fully Aged Hardness Gain from 950° C. 
0.0 110 116 6 
0.5 126 134 8 500° C.—30 min 
1.0 141 331 90 500° C.—60 min. 
1.5 164 425 261 500° C.—60 min. 
2.0 190 460 270 500° C.—60 min. 





1924, (22) the kinetics of the precipitation hardening process is not 
fully understood yet. Mudge and Merica assume that the “heat 





treatment effect is due to a transformation above 1100 and 1500 





degrees Fahr. (595 and 815 degrees Cent.) probably—although not 





certainly—due to a variation in solid solubility of a second alloy con- 





stituent.” The composition of the precipitating phase is unknown. 
[It is “probably the solid solution of NiAl-Cu,Al in various propor- 
tions” described by Austin and Murphy (17). Additions of 3-5 
per cent aluminum are employed in the commercial alloys, which are 








naturally harder and more difficult to work than ordinary Monel 





metal. Maximum strength values of 160,000 pounds per square inch 






(330 Brinell) are reported for a fully hardened 4 per cent aluminum 






Monel alloy. 





Masing and Pocher (23) studied age-hardening 70/30 nickel 
2 Ss Ss 






copper containing additions of beryllium. The maximum precipita 





tion hardening effects in relation to rising beryllium concentrations in 
the 70/30 alloy quenched from 950 degrees Cent. (1740 degrees 
Fahr.) are given in Table I. The investigators state that Ni, Bi, with 







some copper in solid solution is in equilibrium with the alpha phase 





in ternary alloys with over 2.5 per cent beryllium. Whereas coppet 





and nickel dissolve 2.3 and 2.4 per cent beryllium respectively, the 
80 






maximum solubility of nickel-copper solid solutions with 60 and 
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per cent nickel amounts to only 0.8 and 1.1 per cent beryllium respec- 
tively. The rolling properties of the two-phase alloys were found to 
be poor. A certain improvement of rollability and ductility was 
noticed when beryllium of higher purity was utilized, but the maxi- 
mum precipitation hardening then dropped by about 50 Brinell. Re- 
cent experiments of Ballay (24) were restricted to Monel metal 
containing 1.1 per cent beryllium. Maximum age hardnesses of 393 
and 420 Brinell were obtained in quenched and wrought alloys 
respectively. 

Corson (25) obtained a patent on nickel-copper solid solutions 
with 40 to 70 per cent nickel rendered subject to precipitation harden- 
ing treatments by virtue of 1.5 to 10 per cent silicon additions. It ap- 
pears doubtful that Monel metal with 3.5 per cent silicon can be soft- 
ened to 95 Brinell by quenching from above 900 degrees Cent. (1650 
degrees Fahr.). According to Corson, aging for 1 to 24 hours at 500 
to 700 degrees Cent. (930 to 1290 degrees Fahr.) raises the hardness 
to 285 Brinell, and 145,000 pounds per square inch tensile strength at 
10 per cent elongation were obtained. At 3 per cent silicon, silicides 
appear in the quenched alloy (26). ~ This critical content is shifted to 
lower concentrations if the copper or iron content, or both, is in- 
creased. The precipitation hardening effects become appreciable only 
if the silicon content is raised to 3.5 to 4.25 per cent. Maximum 
hardnesses of 300 to 350 Brinell are reported. The effect of an in- 
creased copper content on the hardness of 3.25 per cent silicon-Monel 
is as follows: 


Hardness Gain 


Over 
Brinell Hardness As Annealed 
Cast Quenched Aged State 
Copper content as in Monel metal .... 180 116 228 112 
Monel + 3 per cent Copper ......... 240 149 286 137 


According to Kroll (27), Monel metal can be made precipitation 
hardenable by adding magnesium plus carbon and will yield a maxi- 
mum strength of 143,000 pounds per square inch. No further in- 
iormation is given except that the precipitation hardening effects of 
nickel containing magnesium plus carbon (see Table II) are reduced 
by about 20 per cent by the addition of copper. 

\ patent on precipitation hardening Monel metal alloyed with 


titanium has been recently granted to Pilling and Merica (28). The 
‘ solution hardness of a Monel metal type alloy with 63.4 per cent 


nickel, 27.2 per cent copper and 3.1 per cent iron was increased from 


tf 
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130 Brinell to 237 Brinell due to age hardening induced by 1.9 per 
cent titanium. Further data on the quantitative hardening effects of 
varying titanium additions as well as information on the precipitating 
phase and on the homogeneity range of the alpha phase are not avail- 
able yet to the best of the author’s knowledge. 









Table Il 


Hardness of Magnesium and Carbon-Bearing Nickel Quenched from 
1100 Degrees Cent. and Aged at 500 Degrees Cent. 









‘(After Kroll) 







0.07% 0.1% 0.15% 0.2% 0.4% C. 
0.0% Mg 100 108 108 110 125 Brinell 
1.0% Me 320 320 335 370 390 Brinell 
Hardness Gain 220 212 227 260 265 Brinell 















The alpha-phase boundary of the ternary system copper-nickel- 
indium has been recently established by Weibke and Pleger (29) 
and moderate precipitation hardening effects have been obtained in 
two 70/30 alloys in which either 10 per cent nickel or 10 per cent 
copper was replaced by 10 per cent indium. 









70/30 Nicket-Coprer ALLovep WitH TIN 











Materials and Methods—The experimental alloys used in this 
investigation were melted in a high-frequency induction furnace in a 
clay-graphite crucible. Melts of 333 grams were made of oxygen- 
free, high conductivity copper, purified electrolytic nickel (99.866 
per cent nickel) and high purity tin containing 0.003 per cent lead 
and 0.002 per cent iron. Owing to its high boiling point of 2363 
degrees Cent. (4285 degrees Fahr.) and its peculiar vapor pressure 
curve, tin, in spite of its low melting point, could be melted together 
with the nickel and copper without appreciable losses. Shortly before 
casting into cast iron flat molds, the melts were deoxidized with 0.1 
per cent magnesium. Rising amounts of tin of 5, 10, 15 and 20 per 
cent were added to a base alloy of 70 per cent nickel and 30 per cent 
copper. The tin additions depress the nickel and copper concentra- 
tions according to Table III. The chill cast alloys were tested for 
hardness with the standard Rockwell machine. The hardness num- 
bers were converted into the more commonly used Brinell numbers 
using the formulas of Petrenko (30). The 5%4x2%x¥%-inch slabs 
were solution annealed at 1000 degrees Cent. (1830 degrees Fahr.) 
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for 30 minutes without using any special furnace atmosphere, water- 
quenched, ground on an emery belt and again tested for hardness. 
Precipitation hardening treatments were carried out in the tempera- 
ture range of from 400 to 550 degrees Cent. (750 to 1020 degrees 


Table Ill 
Composition of Experimental Nickel-Copper-Tin Alloys 
Nickel Copper Tin 
Melt No. Per Cent Per Cent Per Cent 

] 70 30 0 
2 66.5 28.5 5 
3 63 27 10 
4 59.5 25.5 15 
5 56 24 20 


Fahr.) using temperature intervals of 50 degrees Cent. and annealing 
times of at least 300 hours. Some samples were subjected to cold 
rolling in order to study the cold workability of the new alloys. A 
few exploratory 1000-hour aging treatments were applied to samples 
in the cold-rolled condition. 


RESULTS 


Solid Solution Hardness—The effect of rising additions of tin 
upon the solution hardness of the 70/30 nickel-copper base alloy, 
quenched from 1000 degrees Cent. (1830 degrees Fahr.) after a 30- 
minute anneal, is shown in Fig. 2, curve a, while curve b represents 
the as-cast hardnesses. The alloys high in tin were evidently softened 
considerably by the annealing treatment. For purposes of compari- 
son, the hardening of pure nickel by rising additions of tin (8) is 
given in curve c, (as cast) and d, (annealed) while curve e shows 
the increase of hardness of copper by alloying it with tin. Although 
the initial hardness of the 70/30 nickel-copper solid solution is higher 
than of pure nickel, the alloy hardening by increasing amounts of tin 
is less pronounced in the 70/30 nickel-copper base alloy than in pure 
uickel so that both hardness curves intersect. Copper evidently im- 
proves the workability of plain nickel-tin alloys. It is noteworthy 
that the rate of hardening by rising tin concentrations is materially 
less in the binary copper-tin bronzes than in nickel-tin alloys. The 
hardness of copper, 70/30 nickel-copper and nickel is increased by 
every 1 per cent of tin respectively by 2.8, 4.4 and 8.1 Brinell units. 
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PRECIPITATION HARDENING EFFECTS 
Quenched Alloys—Figs. 3, 4 and 5 show respectively the course 


of hardness variations at 450, 500 and 550 degrees Cent. (840, 930 
and 1020 degrees Fahr.) during a 300-hour heat treatment. 
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Fig. 2—Effect of Rising 
Additions of Tin on the Hard- 
ness of Nickel, 70/30 Nickel 
Copper and Copper. 


As was to be expected, the precipitation hardening effects in 
crease progressively with rising tin concentrations, i.e., with increas- 
ing supersaturations of the 70/30 nickel-copper solid solution. The 
most suitable aging temperature for attaining the highest possible 
precipitation hardening effect is lowered with rising tin contents. 

Fig. 6 gives the changes of hardness for the 20 per cent tin- 
bearing alloy aged in the temperature range of 400 to 550 degrees 
Cent. (750 to 1020 degrees Fahr.) for 300 hours. As is also ob- 
served with other precipitation hardening alloys, the maximum 
hardening effects become lower and lower with rising aging tem- 
peratures, which require shorter times for reaching the peak of the 
hardness/time curve. This is attributed to the fact that the velocity 
of grain growth of the precipitant becomes more pronounced while 
the number of nuclei is suppressed more and more. 

Table IV presents at a glance the maximum hardening effects in 
relation to rising tin additions to the 70/30 nickel-copper base alloy. 
Column 5 gives the heat treatment applied to obtain these hardness 
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maxima. As can be seen, the annealing times have been extended 
beyond the 300-hour limit of Figs. 3, 4 and 5. The maximum hard- 
ness of 516 Brinell and the gain of 348 Brinell in the 20 per cent tin- 
containing alloy represents an imposing result for a nonferrous 
alloy. 
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Fig. 3—Aging of- Tin-Containing 
Nickel-Copper (Ratio 70/30) at 450 
Degrees Cent. (840 Degrees Fahr.). 


The actual possibilities of hardening the 5 per cent tin-bearing 
alloy have not been fully investigated yet, but it can be reasonably 
expected that the same conditions prevail in this alloy as in the 
binary nickel-tin alloy containing 5 per cent tin. For the latter alloy, 
aging treatments up to 2000 hours had to be applied for bringing 


Table IV 


Precipitation Hardening Effects Induced by Rising Additions of 
Tin to a 70/30 Nickel-Copper Base Alloy 


Brinell Hardness 









Maximum Brinell 
As Quenched Fully Hardness Heat Hardness 
on 1000° C.—30 min. Aged Gain Treatment As Cast 
90 9 ee a Lee ry ete 94 
117 120 3 550° ¢ 614 hrs. 130 
127 ISt 61 550° ¢ 614 hrs. 160 
i50 $31] 281 Sao” 700 hrs. 194 
168 516 348 400° ¢ 150 hrs. 226 
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peculiar in the 5 per cent tin alloy insofar as a very narrow useful 

‘empcrature range for carrying out the hardening treatment is avail- 
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too high a temperature is applied, the proportion of tin 
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which remains in solid solution owing to the curvature of the alpha- 
phase boundary line, and which thus does not participate in the 
precipitation hardening, becomes relatively large. This reduces the 
maximum precipitation hardening effects notably. On the other hand, 
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__ Fig. 4—Aging of Tin-Containing 
Nickel-Copper at 500 Degrees Cent. (930 
Degrees Fahr.). 





Fig. 5—Aging of Tin-Containing 
Nickel-Copper at 550 Degrees Cent. 
(1020 Degrees Fahr.). 


the application of too low an aging temperature results in a “freezing 
in” of the alloy due to the slow mobility of the atoms in the spac 
lattice of the alloy, which has a comparatively high melting pot! 
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Whether the retardation of the formation of nuclei of the precipitat- 
ing phase (or “knots’”’) represents a further contributing factor will 
be rather difficult to decide. 

As is the case with binary nickel-tin alloys, the precipitating 
phase responsible for the aging effects in the face-centered, nickel- 
rich nickel-copper solutions down to 45 per cent nickel is the brit- 
tle, hexagonal, intermetallic compound Ni,Sn (11). It is needless 
to say that, by additions of other elements partly soluble in the 
nickel-copper solid solution, the amounts of tin made available for 
the precipitation hardening can be increased. As the rate of pre- 
cipitation hardening and optimum temperature of other age-harden- 
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Fig. 6—Precipitation Hardening 
of a 56/24/20 Nickel-Copper-Tin Alloy 
in Relation to Aging Temperature and 
Time. 


able Monel metals is different from the tin-containing alloys, a 


study of the Monel metal containing such two kinds of elements 
would be of both theoretical and practical interest. 


WrouGut ALLoys 
Plastic Deformation of Tin-bearing 70/30 Nickel-Copper—lt is 


scnerally known that the plastic deformation of pure copper-tin 
bronzes becomes more and more difficult with rising tin concentra- 


“ions, in particular above 12 per cent tin. About the same conditions 
hold for 70/30 nickel-copper alloyed with tin. A reduction of thick- 
Hess Of 4O per cent was carried out on a recrystallized 15 per cent tin- 
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containing specimen of relatively small height. As is the case with 
the tin-bronzes, the strain hardening effects on cold working become 
rather accentuated with increasing tin contents. Fig. 7 shows the 
interrelation between per cent reduction in cold rolling and strain 
hardening for plain 70/30 nickel-copper and for the 5 and 10 per 
cent tin-bearing alloy. Comparatively little further work hardening 
takes place in the 70/30 alloy after about 35 per cent reduction, while 
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Fig. 7—Effect of Tin on the Work 
Hardening of 70/30 Nickel-Copper. 


in the alloys containing tin, the strength continues to rise. This 
would necessitate more frequent intermediate annealings in commer- 


cial production. The abrupt hardness increase at “extreme” redu 
tions may be due to the relative thinness of the samples and to th 
“anvil effect’? of the hardness tester. However, attention has bee! 


called to a similar effect by Moore (31) who noticed an abrupt hard: 


ness increase in severely cold-worked copper. 


From a scientific and technological point of view, the most int 
portant questions arising from the possibilities of aging cold-worke 


tin-bearing nickel-copper appear to be: 


(1) Are the softening temperatures lower than the relative’) 


high aging temperatures, thus leading to higher streng' 


values by superimposition of strain hardening and pre 


- 


cipitation hardening effects: 
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with (2) Does the increase of the total lattice energy by cold work- 
come ing materially accelerate the relatively slow breakdown of 
s the the alpha-solid solution and does it lower the most suitable 
strain aging temperature? 
J per 
ening SOFTENING OF 70/30 NIcKEL-CoPpPER 
while 
The recovery of solid solution type alloys from cold working is 
apparently greatly affected by the presence of foreign elements. 
Softening of severely cold-worked copper and nickel of high purity 
was observed at temperatures as low as 80 (32) and 350 degrees 
Cent. (33-36) respectively. The relation between the temperature 
of hardness recovery and chemical composition of the binary system 
600 
> 500 
& 
© 
2 
® 
S 400 
&Y 
Q 
E 
2 J00 
200 
e, This Cu 25 50 5 % Mi 
comme’: Fig. 8—Hardness Recovery of Cold 
Worked Copper, Nickel-Copper Solid Solu- 
redu tions and Nickel. 
id to th 


has bee! copper-nickel yields a Curve which 1S ot the Same type as that ot elec- 
ee a ae alloy hardness, the mo-power, endurance bending 
] S 

i T 


upt hard: 
strength, ete., in binary systems built by a series of solid solutions 
with random atom distribution (see Fig. 8). The addition of the 
first few 


most 10 
|d-worked per cent of the second metal exerts a more or less pro- 
nounced influence upon these physical properties than larger addi- 
relativell tions 
- strength BRB PET cent of work hardness) of 10 and 15 per cent nickel alloy of 

ame technica] purity was previously found at 575 and 580 degrees Cent. 


2CT\ ‘ ao 1 | | 
g ly (2). It appeared desirable to check on the softening 
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range of a copper-nickel alloy of higher nickel concentration, and 
to decide further whether the 70/30 nickel-copper alloy maintains 
its work hardness at temperatures reasonably higher than the pre- 
cipitation hardening temperatures of the tin-containing 70/30 alloy 
as to warrant any aging tests in the cold-worked state. 

The effect of rolling and annealing of pure 70/30 nickel-copper 
is shown in Fig. 9a-c. The three sections of the figure show respec- 
tively; a, the relation of strain hardening to the amount of plastic 
deformation; b, the relation of the recovery of hardness from cold 
work to annealing temperature and to amount of reduction in thick- 
ness, and c, the softening temperatures derived from the individual 
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Fig. 9—Strain Hardening and Softening of Cold-Rolled 70/30 
Nickel-Copper (Flats). 














softening curves of section b. As the characteristic softening values, 
those temperatures have been taken at which a sample lost half of 





its maximum hardness. 

According to Fig. 9, temperatures higher than 600 degrees Cent. 
(1290 degrees Fahr.) must be applied to soften the alloys during 4 
l-hour annealing to such an extent as to lose 50 per cent of the in- 
duced work hardening. At a reduction of 25 per cent, the recovery 
temperature is close to 680 degrees Cent. Since the softening tem- 
peratures of 70/30 nickel-copper are well above the optimum pre- 
cipitation hardening temperatures of the tin-bearing alloys, it would 
appear that the strength of the latter could be raised by an aging in 
the cold-worked state. 












AGING oF Co_p-WorKEpD T1N-BEARING 70/30 ALLoys 







Solution annealed samples of the alloys containing 5 and 10 pet 
cent tin were cold-rolled approximately 25, 50, 75 and 85 per cent an¢ 
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aged for 1000 hours at 550 and 450 degrees Cent. (1020 and 840 
degrees Fahr.). A 40 per cent cold-rolled sample of the 15 per cent 
tin alloy was aged at the same temperatures. 

At 550 degrees Cent. (1020 degrees Fahr.), the first hardness 
test after 60 hours (Table V) shows that softening of the 5 per cent 
tin alloy had taken place. This becomes more and more pronounced 
with aging time. Even the least deformed sample lost its work hard- 
ness. After several hundred hours of additional aging treatment, 
an increase of hardness takes place, apparently through precipitation 
hardening. The maximum hardness, particularly of the more plas- 
tically deformed samples, exceeds that of the quenched 5 per cent 


Table V 


Hardness Changes of Cold-Rolled Tin-Bearing 70/30 Nickel-Copper 
During Aging at 550 Degrees Cent. 


Aging Time in Hours 


Cold 
Work Hardness 
Alloy in % as Rolled 60 200 460 575 700 850 1000 
24 241 182 99 Ce 112 127 132 126 
53 253 193 110 109 125 136 139 125 
> Tin 74.3 270 182 120 98 127 144 153 135 
86.5 288 180 86 90 127 141 156 144 
22.5 256 110 120 150 172 208 206 190 
48.2 288 112 115 172 185 205 225 195 
tad 369 110 117 181 200 216 216 195 
8 392 140 190 165 222 209 195 


tn alloy in the fully aged state (Table IV), namely 156 Brinell 
ersus 120 Brinell. The gain of some 36 Brinell units has, of course, 
no practical value, but it is of theoretical interest insofar as a mild 
superimposing of cold and age-hardening effects was obtained. 

It is noteworthy that the cold-worked 10 per cent tin alloy 
soitens at a faster rate than the 5 per cent tin alloy, indicating that 
rising additions of tin to 70/30 nickel-copper lower the temperatures 
it which the induced cold work hardness is released. According to 
Table V, not all of the strain hardening effect is abolished, so that 
the maximum hardness due to combined cold working and precipita- 
tion hardening exceeds somewhat the maximum hardness in the 
luenched 10 per cent tin alloy, ie. 225 Brinell versus 188 Brinell. 

One factor should not be overlooked, namely, the effect of time. 
The softening characteristics of the plain 70/30 nickel-copper alloy 
see Fig. 9) were obtained on the basis of annealing times of only 
“ minutes duration, while the aging experiments described above 
eter to heat treatments of several hundred hours. It is generally 
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known that the hardness recovery temperatures can be materially 
lowered by increasing the annealing times (35). It appears that 
both factors, the presence of tin and the slowness of the precipitation 
and the subsequent long aging times are responsible for the release 
of work hardness at 550 degrees Cent. (1020 degrees Fahr.) even 
in the least deformed samples. 

It was expected that, by lowering the aging temperature to 450 
degrees Cent. (840 degrees Fahr.), the release of the strain harden- 
ing effects would be avoided and that the precipitation hardening 
effects and work hardening could be superimposed. Table VI shows 

















Table VI 
Hardness Changes of Cold-Rolled Tin-Bearing 70/30 Nickel-Copper 
During Aging at 450 Degrees Cent. 














Aging Time in Hours 





Cold Hardness 












Work as 
Alloy in% Rolled 50 97 150 210 300 500 686 825 
24 245 226 ae 223 223 223 219 220 226 195 
53 253 228 242 238 234 233 228 219 244 205 
5% Tin 74.3 272 245 245 238 232 241 240 240 246 210 
} 260 248 238 244 245 238 









245 


10% Tin 










the variations of hardness in relation to aging time, and amount 0! 

plastic deformation of the alloys containing 5 and 10 per cent tin 

In contradistinction to the aging behavior at 550 degrees Cent. (102 
> S d 






degrees Fahr.), almost no softening takes place at 450 degrees Cent 
(840 degrees Fahr.) in the early stages of the thermai treatment 
The hardness of the 5 per cent tin alloy changes but little, a gradual 
softening taking place in the most deformed samples. The cold 
work hardness of the 5 and 10 per cent tin alloy materially exceeds 
the maximum precipitation hardening of the quenched alloy. bu! 
obviously no further gain in strength can be obtained by aging th 
5 and 10 per cent tin-bearing alloys in the cold-worked state at 45 
degress Cent. (840 degrees Fahr.). 

An addition of precipitation hardness to cold work hardness 
was obtained by aging the 40 per cent cold-rolled sample of 
cent tin alloy at 400 degrees Cent. (750 degrees Fahr.) (see Fig. 10 
The hardness of 294 Brinell induced by cold working was raised t 
460 Brinell. This is about 30 Brinell higher than that of th 
quenched sample fully aged at 450 degrees Cent. (840 degrees | ahr 
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for 700 hours. This hardness maximum was attained in the cold- 
worked specimen in about the same time, but at a temperature 50 
degrees lower. It thus appears that cold working has increased the 
rate of precipitation. At 455 degrees Cent. (850 degrees Fahr.) the 
release of strain hardening and the breakdown of the alpha solid 
solution take place simultaneously and the changes of hardness are 
not very conspicuous. A similar retardation of softening due to 
simultaneous precipitation hardening effects was for instance observed 
in brass containing small amounts of iron (37). 








150 f 
© 400 | 
ee 
“wy Mw 
Fig. 10-—-Precipitation Hardening of a 


59.5/25.5/15 Nickel-Copper-Tin Alloy Cold 
Rolled 40 Per Cent. 


DISCUSSION 


\mong the precipitation hardening Monel metals, the aluminum- 
bearing alloys appear to have gained commercial importance. The 
toundry difficulties encountered with alloys high in aluminum are 
generally appreciated. The same objection holds—although to a 
lar greater extent—for beryllium whose great affinity toward oxygen 
involves considerable loss in melting. Beryllium additions render the 
molten alloy rather viscous and sluggish and result in a pronounced 
tendency to form continuous oxide films, pipes and blow-holes in the 


casting (38). Another obstacle in the way of commercial success 
ot beryllium-Monel is the rather high price of beryllium. The 


‘oundry and casting properties of silicon-Monel are rather good. 
Howe 


ver, this alloy is available only for casting purposes and the 


actual age-hardening effects are comparatively small. According to 
the writer’s knowledge, little is known about titanium-Monel. Higher 
percent 


iges of titanium are bound to introduce difficulties as is known 
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from experience with other nonferrous alloys. Kroll (39) considers 
3 per cent titanium as the limit for melting in an open crucible and 
attributes the “thickening” of titanium-bearing melts to nitrogen ab- 
sorption. The very moderate aging effects induced by indium in 
nickel-copper and the rarity of this metal seriously interfere with 
the commercial success of an indium-Monel metal. 

In view of the above mentioned shortcomings of these modified, 
hardenable Monel metals, it was felt that the addition of a tin-bearing 
alloy to the family of age-hardening alloys having the nickel-copper 
ratio as in Monel metal offers definite commercial possibilities. The 
use of tin facilitates the foundry manipulations and the tin losses are 
relatively low. There are no objections to adding tin to the commer- 
cially available Monel metal instead of using a pure 70/30 nickel- 
copper base alloy. Owing to the considerable change of solubility 
of tin with temperature in 70/30 nickel-copper, maximum age-harden- 
ing of over 500 Brinell or a hardness increase of about 350 Brinell 
were obtained in quenched alloys of maximum supersaturation. In 
this respect the new tin-bearing alloys surpass all other precipitation 
hardening Monel metals reported so far. The relatively low hard- 
ness of the quenched alloys appears to be a valuable asset. Adding 
for instance 20 per cent tin raises the solution hardness to about 
the same extent as the addition of 1.5 per cent beryllium. 

At tin concentrations of about 15 per cent, the alloys will prob- 
ably be used mainly as castings. A shortcoming seems to be the 
relatively long annealing treatments necessary to produce maximum 
hardening. This feature is shared by the precipitation hardening 
binary nickel-tin alloys (8). However, few alloys are aged to their 
maximum hardness because ductility drops therewith to zero. An 
interesting feature is the improvement of the oxidation resistance ol 
pure 70/30 nickel-copper with rising additions of tin. The silvery- 
white color of the 70/30 alloy is affected but little by alloying tin 
with it. 


SUMMARY 


1. The effect of rising additions of tin on the precipitation hard- 
ening characteristics of a 70/30 nickel-copper base alloy was investi- 
gated. A maximum hardness of over 500 Brinell, or a gain of about 
350 Brinell over the annealed state, was observed on the alloy con- 
taining 20 per cent tin. 










2. A superimposing of precipitation hardening and work harden- 
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ing was obtained only in exceptional cases because tin lowers the 
hardness recovery temperatures of pure 70/30 nickel-copper and 
because relatively long aging times are required for nickel-copper 
alloys which are high in nickel and rendered subject to precipitation 
hardening by the addition of tin. 
Alloys containing 5 and 10 per cent tin were cold-rolled up 

} 90 per cent. Moderate plastic deformation at room temperature 
was possible with samples containing 15 per cent tin. 

4. Rising additions of tin progressively increase the strain hard- 
ening effects of quenched 70/30 nickel-copper alloys, and the re- 
sistance toward scaling. 
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INFLUENCE OF CHROMIUM, SILICON AND ALUMINUM 


> ON THE OXIDATION RESISTANCE OF INTERMEDIATE 
als ALLOY STEELS 
in- 
a By A. E. Waite, C. L. CLark anno C. H. McCoLttam 
8) 
lem Abstract 
This paper presents the results of an investigation 
“a undertaken to determine the influence of chromium, silicon 
and aluminum on the oxidation resistance of intermediate 
alloy steels. It is shown that through the proper combina- 
tion of these elements a high degree of oxidation resistance 
- can be obtained at temperatures as high as 1500 to 1750 
930 degrees Fahr. (815 to 955 degrees Cent.). 
Both silicon and aluminum were found to be more 
: effective than chromium in tmparting oxidation resistance 
” provided chromium was likewise present. In fact the ex- 
1937 . perimental findings indicate silicon to be seven times and 
ricat aluminum four times as effective as chromium under the 
At- given test conditions. 
1932 Chemical and microscopic examination of certain of 
the scaled specimens substantiates the theory that the 1n- 
erlag reased oxidation resistance produced by the addition of 


these elements 1s caused by their increased concentration 
as oxides in the inner scale layer which becomes tmper- 
meable and adherent to the surface of the steel. 


| NTRODUCTION 


( ; INSIDERABLE effort has been extended during the past ten 
years to the development of steels for high temperature service. 
Much of this work has been directed towards improvement of 


+ 


S renot] 


gth, and especially creep resistance, and proper-attention has not 


always been given to the fact that strength, in itself, is not sufficient 
or satisfactory high temperature service. In other words, if the 
surface of the steel is not stable under the given operating conditions 


per presented before the Twentieth Annual Convention of the Society 
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‘ring Company, Canton, Ohio. Manuscript received June 24, 1938. 
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then the cross sectional area will be decreased, the unit stress jn- 
creased and the expected life shortened. 

It so happens that chromium, which is one of the elements com- 
monly added for the purpose of improving the strength, likewise in- 
creases the surface stability. Small additions of this element have 
been found to impart an effective resistance against certain types of 
corrosion, especially that encountered in certain crude oils. However 
satisfactory oxidation resistance at temperatures above 1200 degrees 
Fahr. (650 degrees Cent.) requires chromium contents in excess of 
6 per cent, with consequent influence on the physical properties and 
the cost of the material. 

It is generally agreed that improved resistance to oxidation can 
be obtained by the addition of those elements which have a greater 
affinity for oxygen than iron and whose oxides form a dense and 
firmly adhering scale at the surface of the steel. Two elements whic! 
meet these qualifications, in addition to chromium, are silicon and 
aluminum. These two elements have not been used to a wide extent 
for improving the oxidation resistance largely because of misconcep 
tions with respect to their influence on the physical characteristics oi 
the resulting steels. 

Preliminary work on steels containing some or all of these three 

























elements indicated each might be more effective in the presence o! 
certain amounts of the other two. Accordingly it was believed ad- 
visable to investigate a rather complete series of these steels. 










STEELS INVESTIGATED 





The steels necessary for this investigation were furnished }) 
The Timken Steel and Tube Division of The Timken Roller Bearing 
Company. They were in the form of hot-rolled 1-inch bars and 
were from electric furnace commercial heats. The chemical com- 
position of these steels, as well as the heat treatment to which the) 
were subjected and the resulting Brinell hardness, is given 1 
Table I. Their room temperature tensile properties after the same 
heat treatment are given in Table II and all are seen to possess 4 
good combination of strength and ductility. 

The steels may be classified into five groups. The first group 0! 
four steels is of the silicon-chromium-molybdenum type and the in- 
dividual steels differ mainly in that the chromium is varied from 1.50 
to 4.83 per cent. The second group differs from the first only in thal 
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aluminum is present in an amount of approximately 0.55 per cent. 
The 5-2-3 steel differs from the highest chromium-bearing steel of the 
second group in that it contains a greater silicon and molybdenum 


Table I 


Chemical Composition, Heat Treatment and Brinell Hardness of Steels 
Subjected to Oxidation Tests 


Heat é : Brinell 

Steel Treatment -———_—_—-Chemical Composition, Per Cent : Hard- 
Designation Deg. Fahr. & Mn P S Si Cr Mo Al ness 
Si-Cr-Mo 1 Ann. 1550 0.15 0.42 0.017 0.016 1.37 1.30 0.54 chia 156 
Si-Cr-Mo 2 Ann. 1550 0.09 0.41 0.010 0.017 1.32 2.06 0.51 he 146 
Si-Cr-Mo 3 Ann. 1550 0.12 0.43 0.008 0.014 1.57 3.26 0.50 aa 159 
Si-Cr-Mo 5 Ann, 1550 0.10 0.38 0.009 0.016 1.55 4.83 0.51 cae 156 
Al-Cr-Si 1 Ann. 1650 0.17 0.24 0.009 0.010 1.22 1.06 0.51 0.57 156 
Al-Cr-Si 2 Ann. 1650 0.16 0.25 0.009 0.013 1.34 1.94 0.48 0.53 149 
Al-Cr-Si 3 Ann. 1650 0.18 0.30 0.013 0.012 1.27 3.10 0.59 0.57 156 
Al-Cr-Si 5 Ann. 1650 0.10 0.29 0.012 0.010 1.36 4.96 0.60 0.54 149 
5-2-3 Ann. 1550 0.09 0.42 0.011 0.008 2.26 5.10 3.45 0.55 229 
Cr Ann. 9.10 0.38 0.025 0.022 35 1219 0.27 165 
17 Cr Ann. 0.10 0.36 0.029 0.010 0.85 17.07 0.03 161 
18 Cr-8 Ni W.Q. 2000 0.06 0.50 0.008 0.008 0.61 17.75 9.25 Ni 137 

Note: Both the oxidation and tensile specimens were taken from hot-rolled 1-inch 

which were given the designated heat treatment prior to machining. All the bars 


from commercial electric furnace heats of steel. 


Table Il 
Room Temperature Tensile Properties of Steels Subiected to Oxidation Tests 


Yield Stress Elongation 


Tensile Lbs. Per Sq. In. Proportional Per Cent Reduction 

Strength 0.1 0.2 Limit in of Area 

Steel Designation Lbs. PerSq.In. PerCent PerCent Lbs. PerSgq.In. 2 In. Per Cent 
Si-Cr-Mo 1 80,400 50,400 52,100 33,250 34.0 66.7 
Si-Cr-Mo 2 75,100 48,750 49,600 32,500 37.0 73.3 
Si-Cr-Mo 3 84,900 46,750 48,100 24,400 35.5 73.9 
Si-Cr-Mo 5 82,100 45,000 45,000 36,250 38.75 76.2 
Al-Cr-Si 1 80,300 37,500 39,250 25,000 35.0 69.1 
Al-Cr-Si 2 71,600 46,250 47,000 31,500 38.5 69.2 
Al r-Si 3 72,000 39,600 40,350 21,800 40.25 72.3 
Al-Cr-Si 5 69,600 38,000 39,750 26,000 41.0 76.3 
101,900 62,000 64,000 50,000 23.5 49.8 
Cr 84,300 56,000 60,000 32,500 32.0 73.6 
Cr 80,000 47,000 49,250 28,750 ae 67.6 
5 Cr-8 Ni 85,200 26,500 27,900 12,500 61.5 74.4 


Each value is the average of duplicate tests in good agreement. 





content. The fourth group consists of two chromium steels, contain- 
mo 12 ace - ° . . 

ing 1< and 17 per cent of this element, while the last is the 18-8 steel 
which, together with the two straight chromium steels, is included to 
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serve as a yardstick in evaluating the oxidation resistance of the 






remaining steels. 
All of the steels do therefore contain chromium and, with the 
exception of the 12 and 17 per cent chromium steels and the 18-8 








alloy, possess silicon in excess of 1.0 per cent. Since the carbon and 





manganese contents are approximately the same the results obtained 






should indicate the influence of chromium, silicon and aluminum op 






the resulting oxidation resistance. 







PROCEDURE 







The tests for determining the relative oxidation resistance oj 





these steels, based on weight loss, were conducted at temperature: 
of 1250, 1400, 1500 and 1750 degrees Fahr. (675, 760, 815 and 955 
degrees Cent.). These tests were continued for 1000 hours with on 








set of the specimens being heated continuously and the other inter- 






mittently. In the intermittent series the specimens were air-cooled 
at weekly intervals but the total time at temperature was again 100) 







hours. 
The specimens for this phase of the investigation were cylin 







drical, being 34 inch in diameter by ™% inch in length, and all tests 
were conducted in triplicate. Laboratory type electric-muffle fur- 






naces were employed and all the tests of each type for each tempera 





ture were conducted simultaneously. That is, 36 specimens were 






used and these were distributed uniformly over the length of the 





furnace. Each furnace was previously calibrated to insure uniform: 






ity of temperature distribution. 
No attempts were made in the present investigation to contro! 







the amount, or composition, of the air entering the furnace. Thi 





results for each steel are therefore comparative and not quantitative 





under absolutely known conditions. However, as all of the specimens 





were tested simultaneously, the influence of chemical composition © 






the oxidation resistance of the steels should be clearly demonstrated 






Upon completion of the tests, the specimens were air-cooled an' 





as much as possible of the scaled layer removed mechanically. Thi 





remaining scale was then removed in an electrolytic stripping cell 1 






which the scale is loosened by the evolution of the hydrogen get 






erated on the specimen. 
Work was likewise conducted on certain of the steels for 









j 
\s 


purpose of studying the scale structure microscopically and ¢& 
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termining its chemical composition. For this phase of the investiga- 
tion the steels were exposed at 1500 degrees Fahr. (815 degrees 
Cent.) in air for 350 hours. In these tests the same type specimen 
was used for the metallographic examination as in the regular oxida- 
tion tests. Samples prépared for chemical analysis, however, were 
cylinders, 34-inch round by 6 inches in length. After the above 
exposure period, the oxide coat was removed mechanically in two 
portions, designated as the inner and outer layers, after which two 
cuts, each 0.002-inch thick, were machined from the steel surface 
of the specimens. Chemical analyses obtained on these specimens 
are presented later. 


RESULTS 


The results obtained from the 1000-hour oxidation tests at tem- 
peratures of 1250, 1400, 1500 and 1750 degrees Fahr. (675, 760, 815, 
and 955 degrees Cent.) are summarized in Table III and shown graphi- 
cally in Figs. 1 and 2. These two figures differ only in that the first 
presents the results from the continuous heating tests and the second, 
those from the intermittent tests. 


Table Ill 


_ Comparative Oxidation Resistance of Indicated Steels at Designated Temperatures 
Specimen Heated Either Continuously or Intermittently* for 1000 Hours as Indicated 


1250° F. 1400° F. 1500° F. 1750° F. 
Steel Designation Cont. Int. Cont. Int. Cont. Int. Cont. Int. 
Loss in Weight, Grams, per Sq. In. of Original Surface 

si-Cr-Mo 1 1.32 0.91 1.78 1.25 2.68 4.27 9.68 9.03 
Si-Cr-Mo 2 1.20 0.71 1.40 0.98 2.40 4.37 9.65 8.48 
Si-Cr-Mo 3 0.33 0.16 0.67 0.24 core 3.20 9.25 8.23 
si-Cr-Mo § 0.02 0.05 0.05 0.04 0.04 1.88 6.79 8.21 
Al-Cr-Si 1 1.02 0.84 2.06 1.19 2.83 1S 10.53 9.24 
Al-Cr-Si 2 0.74 0.46 1.16 0.86 2.32 4.94 10.72 8.35 
Al-Cr-Si 3 0.27 0.15 0.28 0.11 2.15 4.72 9.08 7.60 
Al-Cr-Si 5 0.02 0.02 0.11 0.03 0.03 0.28 2.08 1.97 
5-2-3 0.01 0.02 0.05 0.01 0.01 0.02 0.01 0.05 





2 Cr 0.01 0.03 0.05 0.02 1.18 0.37 7.35 11.01 
17 Cr 0.01 0.04 0.03 0.61 0.03 0.03 0.48 0.94 
18-8 0.01 0.04 0.04 0.01 0.02 0.15 0.19 0.80 





. In the intermittent tests the specimens were air-cooled at weekly intervals. Total 
‘ime at temperature was, however, 1000 hours. 
Note: Each reported value is the average of three tests. 


Continuous Heating Tests—First considering the four silicon- 
chromium molybdenum steels it is evident that the oxidation resist- 
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ance is improved as the chromium content is increased. Only a slight 
improvement is obtained as the chromium is raised from 1.30 to 2.0 
per cent, but a further increase to 3.26 per cent results in a marked 
improvement in the oxidation resistance at 1250, 1400 and 1500 de- 
srees Fahr. (675, 760, 815 degrees Cent.) but not at 1750 degrees 
Fahr. (955 degrees Cent.). When the chromium content is 4.83 
per cent the steel has a very high resistance to oxidation at tempera- 
tures up to and including 1500 degrees Fahr. (815 degrees Cent.). 
At 1750 degrees Fahr. (955 degrees Cent.), however, this steel scales 
rather badly although even at this high temperature it is superior to 
the other three steels of this group. It should be noted that at 1500 
degrees Fahr. (815 degrees Cent.) this higher chromium steel pos- 
sesses an oxidation resistance comparable to that of the 17 per cent 
chromium and 18-8 steels and is superior to the 12 per cent chromium 
steel. 

The aluminum-chromium-silicon-molybdenum steels behave in a 
similar manner to the four steels of the preceding group. That is, 
a slight improvement is obtained in the oxidation resistance at the 
three lower temperatures as the chromium is varied from 1.06 to 1.94 
per cent, with a more marked improvement resulting as the chromium 
is further increased to 3.10 per cent. This latter steel possesses very 
good oxidation resistance at 1400 degrees Fahr. (760 degrees Cent.). 
With a further increase in the chromium content to 4.96 per cent, the 
oxidation resistance at 1500 degrees Fahr. (815 degrees Cent.) is 
very good, being comparable to that of the 17 per cent chromium 
and the 18-8 steels. A vast improvement has likewise resulted in the 
oxidation resistance at 1750 degrees Fahr. (955 degrees Cent.) al- 
though at this temperature the resistance is somewhat inferior to that 
of the higher chromium and the austenitic steels. 

If the silicon content of the higher chromium steel of the 
aluminum-chromium-silicon-molybdenum group, is raised from 1.36 
to 2.26 per cent, as in Steel 5-2-3, then a very high resistance to 
oxidation is obtained at all temperatures investigated. In fact this 
steel is superior in this respect to the 17 per cent chromium and the 
18-8 steels. It is true that this steel also contains 3.45 per cent 
molybdenum but it is believed that the outstanding oxidation resist- 
ance is a result of the combination of silicon, chromium and alumi- 
num. 

Both the 12 and 17 per cent chromium steels exhibit a good 
resistance to oxidation at 1250 and 1400 degrees Fahr. (675 and 760 
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degrees Cent.). At the higher temperatures the resistance of the 
lower chromium steel decreases at a rapid rate. On the other hand, 
the resistance of the 17 per cent chromium steel is good at both 
1500 and 1750 degrees Fahr. (815 and 955 degrees Cent.). 

Likewise the austenitic 18 per cent chromium-8 per cent nickel 
steel possesses good oxidation resistance at each of the temperatures 
considered. 

Intermittent Heating Tests—The results obtained from the in- 
termittent tests exhibit the same general trend as those from the 
continuous tests. At the two lower temperatures, however, the 
intermittent test gave somewhat lower scaling losses in nearly every 
case while at 1500 degrees Fahr. (815 degrees Cent.) the reverse 
was true. At 1750 degrees Fahr. (955 degrees Cent.) the differences 
were not consistent but for those steels which did possess the greatest 
resistance to oxidation at this temperature the intermittent test gave 
the larger loss. 

In comparing these results it should be realized that the size 
and shape of the specimen was such that thermal stresses would be 
at a minimum. Mechanical stresses were likewise absent and thus 
the tendency of the scale to crack or spall from these causes was 
small, especially at the lower temperatures. This probably accounts 
for the increased oxidation resistance obtained at 1250 and 1400 
degrees Fahr. (675 and 760 degrees Cent.) from the intermittent 
oxidation tests. 

On the other hand 1500 degrees Fahr. (815 degrees Cent.) was 
above, or well within, the thermal critical range of the majority of 
steels considered. It is entirely possible therefore that the volume 
change, due to the transformation of the steel, caused some cracking 
of the scale on each heating and cooling cycle of the intermittent test 
and thus the scale loss was greater than in the continuous test. This 
belief is somewhat substantiated by certain of the curves of Fig. 2 
which indicate that the increase in scaling rate between 1400 and 
1500 degrees Fahr. (760 and 815 degrees Cent.) is greater than that 
between 1500 and 1750 degrees Fahr. (815 and 955 degrees Cent.). 
Such a condition was not found in any of the continuous tests or in 
the intermittent tests on these steels which either did not possess a 
definite critical range or in which this range was very high. 

In many cases at 1750 degrees Fahr. (955 degrees Cent.) the 
nature of the scale produced was such that it offered little protection 

to further oxidation and, accordingly, the results were not greatly 
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influenced by the two types of tests. With the steels which did pos- 
sess a high degree of oxidation resistance at this temperature, the 
thermal stresses caused by air cooling from so high a temperature 
may have been sufficient to cause slight cracking of the protective 
scale layer and thus cause the intermittent test to give the somewhat 
greater losses. 

The conclusions to be drawn from the two types of tests are, 
however, the same, for in both cases a very high degree of oxidation 
resistance was obtained through the proper combination of chromium 
and silicon or of chromium, silicon and aluminum. 
















DISCUSSION OF RESULTS 





The results obtained show that, in the presence of a suitable 
amount of chromium, both silicon and aluminum are more effective 
than chromium alone in imparting a high degree of oxidation resist- 
ance. If this were not true then the Si-Cr-Mo 5 steel, which has a 
combined chromium plus silicon content of 6.38 per cent as well as 
the Al-Cr-Si 5 steel, which has a total aluminum plus silicon plus 
chromium content of 6.86 per cent, would both be less resistant to 
oxidation than the 12 per cent chromium steel. The experimental 
findings, however, definitely indicate the 12 per cent chromium steel 
to be inferior at the higher temperatures. 

Relative Influence of Chromium, Silicon and Aluminum—In an 
attempt to properly evaluate the influence of silicon and aluminum 
on the oxidation resistance of these chromium-bearing steels various 
multiplying factors were used and it was found that the best relation- 
ship resulted when seven times the silicon and four times the alumi 
num content were used together with the chromium content. The 
resulting relationship at each of the four test temperatures is shown 
in Fig. 3. In other words, for these particular steels under the given 
test conditions and in the presence of chromium, silicon is seve! 
times as effective as chromium in imparting oxidation resistance 




















while aluminum is four times as effective. 

It is not intended that this be considered as an absolute relation- 
ship for at each of the temperatures certain of the experimental 
results do not fall exactly on the curve. On the basis of this relation- 
ship, however, a step diagram does result, which is typical of the 
influence of varying chromium content on the oxidation resistance, 
and furthermore the results obtained from both the straight 12 an 
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17 per cent chromium steels are definitely correlated with those from 
the lower alloyed steels. 

[t should be further emphasized that, in the absence of chro- 
mium, neither silicon nor aluminum is as effective in improving the 
oxidation resistance as would be indicated by the above relationship. 
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PI Fig, 3—Relationship Between Oxidation Resistance and Chromium 
us 7 Times Silicon Plus 4 Times Aluminum Content. 


\ hile there is no question but what increased silicon content does 
improve the oxidation resistance of chromium-free steels, the im- 
provement is not as pronounced as when chromium is present. This 
point is illustrated by certain of the polished oxidation specimens of 
rig. +, which were prepared for the second phase of this investiga- 
“ion to be discussed later. Specimens A and D are both of the 0.50 
Per cent molybdenum type and differ only in the amount of silicon 
contained, the actual silicon content being 0.25 and 1.35 per cent, 
respectively. While both specimens were rather severely scaled at 
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1500 degrees Fahr. (815 degrees Cent.) the attack was the more 
pronounced on the lower silicon steel. 

The remaining four specimens of Fig. 4 are included to show 
the influence of increasing chromium, both in the presence of low 


Fig. 4—Photograph of Typical Polished Oxidized Specimens 
After 350 Hours at 1500 Degrees Fahr. 
Fig. A—0.52 Mo, 0.25 Si. 
Fig. B—2.08 Cr, 0.50 Mo, 0.42 Si. 
Fig. C—5.09 Cr, 0.55 Mo, 0.18 Si. 
Fig. D—0.50 Mo, 1.35 Si. 
Fig. E—2.06 Cr, 0.51 Mo, 1.32 Si. 
Fig. F—4.83 Cr, 0.51 Mo, 1.55 Si. 
Note: Specimens mounted in bakelite prior to polishing. 
Outer ring is the bakelite, center section is the steel and the 
intermediate layer is the scaled surface. 


and high silicon, on the amount of scale produced. In the presence 
of 2.0 per cent chromium the amount of scaling is appreciably Tt 
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duced by the addition of approximately 1.5 per cent silicon while 
with 5.0 per cent chromium this same amount of silicon prevents the 
formation of a visible layer of scale. 

No steels were considered in which aluminum was present with 
a low silicon content and it is thus difficult to ascertain the exact 
influence of aluminum alone on the oxidation resistance. The rela- 
tionship shown in Fig. 3 indicates silicon to be more effective than 
aluminum in this respect. This might not be true, however, if 
aluminum were present in amounts greater than 0.50 per cent. The 
presence of even this amount of aluminum, however, greatly im- 
proved the oxidation resistance at 1750 degrees Fahr. (955 degrees 
Cent.) of the Si-Cr-Mo 5 type steel. In the presence of lower 
amounts of chromium, however, its addition was not as beneficial. 

Mechanism of Oxidation—It is generally assumed that the 
beneficial action of certain alloying elements in improving the oxida- 
tion resistance of steel is due to the fact that they have a greater 
affinity for oxygen than has the iron, and therefore they are prefer- 
entially oxidized. It is further assumed that the oxide layer thus 
produced is dense, impermeable and that it adheres firmly to the 
surface of the steel. As recently stated by Houdremont and Bandel’ 
the maintenance of this protective oxide layer depends on a sufficient 
supply of the effective alloying elements diffusing to the surface so 
that the oxygen, penetrating through the protective layer, will be 
entirely consumed. 

In the steels considered in this investigation chromium, silicon 
and aluminum all oxidize before iron and thus they fulfill at least 
one of the requirements for increased protection against oxidation. 
lf diffusion is a deciding factor then silicon and aluminum should be 
more effective than chromium since they can be more readily diffused 
in steel. The addition of chromium, by itself, produces a dense and 
tightly adhering scale under certain oxidizing conditions and there 
are indications that this effect is intensified by the additions of silicon 
and aluminum. 

in an effort to determine the behavior of certain alloying ele- 
ments under oxidizing conditions, a series of chemical analyses, as 
well as metallographic examinations, were made on the steels illus- 
trated in Fig. 4. These steels are of the 0.50 per cent molybdenum, 


th > ) ¢ ° } = 
me 2 per cent chromium + 0.50 per cent molybdenum, and the 4-6 


cesses of Attack of Hot Gases on Heat-Resisting Steels,” Arch. Eisenhiittenw. 
137, p. 131-8 
» } . 
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Fig. 5—Influence of Increased Silicon Content on the Surface of 0.50 Mo Steel 
After 350 Hours at 1500 Degrees Fahr.— x 100. 

Fig. 5a—0.52 Mo, 0.25 Si. 

Fig. 5b—0.52 Mo, 1.35 Si. 


chromium + molybdenum types and each group contains two differ- 
ent silicon contents, one below 0.50 per cent and the other of the ! Fro 
order of 1.50 per cent. The results obtained from the chemica! B = tor 
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analyses are given in Table IV while the microstructures are given 
in Figs. 5, 6 and 7. 

The specimens were subjected to a temperature of 1500 degrees 
Fahr. (815 degrees Cent.) in air for 350 hours. The oxide layers 
thus produced were carefully removed and with one exception were 
divided into portions representing the inner and outer layers. The 
single exception was Si-Cr-Mo 5 steel which produced so thin an 
oxide layer that no sample could be obtained. 

In addition to the scale layers, samples were taken from the 
steel surface after oxide removal by machining two cuts each 0.002- 
inch thick from the surface. These turnings are designated as outer 
and inner. It is probable that some oxide was inadvertently included 
in the outer steel cut. 











Table IV 
Chemical emndend of Scaled Layer Produced During 350 Hours Heating at 1500° F. 
Position of ———Chemical | Composition, ‘Per Cent 

Type Steel Sample Cr Cr203; Si SiO, Mo MoOs Cu CuO 
0.50 Mo Outer Scale Nil Nil 0.09 0.19 0.22 0.33 Nil Nil 
Inner Scale 0.10 0.14 0.43 0.92 0.67 1.01 0.08 0.10 
lst—0.002” Cut 0.07 save. ae SUF pic ae: Ce aces 

2nd-—0.002” Cut 0.08 0.29 0.51 0.19 

Base Steel 0.07 0.25 0.52 0.17 
50 Mo + 1.35 Si Outer Scale 0.03 0.04 0.61 1.31 0.26 0.39 Nil Nil 
Inner Scale 0.10 0.14 2.04 4.37 0.85 1.27 Nil Nil 

Ist—0.002” Cut 0.07 Sy > ee 0.32 

2nd—0.002” Cut 0.07 1.33 0.54 0.17 

Base Steel 0.07 1.35 0.50 0.12 
2Cr + Mo Outer Scale 0.51 0.74 0.12 0.26 0.16 0.24 Nil Nil 
Inner Scale 3.13 437° G56 iar | GSS 6isst Nil Nil 
1st—0.002” Cut 1.98 oe om. ae Base Draco 

2nd-—0.002” Cut 2.06 0.44 0.54 0.26 

Base Steel 2.08 0.42 0.50 0.06 
Cr Mo + 1.32 Si Outer Scale 0.14 0.20 0.09 0.20 0.03 0.05 Nil Nil 
Inner Scale 3.03 4.43 1.83 3.92 0.71 1.07 Nil Nil 
lst—0.002” Cut 1.95 ken | SU. © a oe EE» ek ue CS a wan 

2nd—0.002” Cut 2.07 1.34 . 050 0.17 

Base Steel 2.06 1.32 0.51 0.06 
4-6 Cr + Mo Outer Scale 0.09 0.13 0.01 0.02 Nil Nil Ni Nil 
Inner Scale 7.42 10.85 0.23 0.49 0.76 1.14 Nil Nil 
lst—0.002” Cut 4.89 es  0lUee eee, |  eee ae. eae 

2nd—0.002” Cut 5.02 0.26 eee cee See 

Base Steel 5.09 0.18 oss .<... Oe 

+-6 Cr + Mo + 1.55 Si Outer Scale -_ Visible Layer Produced* 
Inner Scale No Visible Layer Produced* 

ist—0.002” Cut 4.45 5 ee ale oa * Bree. ' 

2nd-0.002” Cut 4.55 ee sts Ce 3a CS 

Base Steel 4.83 Ree cocs SR icc ee 


urface of the specimen was slightly tarnished. 


! From the results given in Table IV it is evident that a concentra- 
“on of certain of the alloying elements, especially chromium, silicon 
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Fig. 6—Influence of Increased Silicon Content on the Surface of 2.0 Cr 
Steel After 350 Hours at 1500 Degrees Fahr.— X _ 100. 
Fig. 6a—2.08 Cr, 0.50 Mo, 0.42 Si. 
Fig. 6b—2.06 Cr, 0.51 Mo, 1.32 Si. 


and molybdenum, has occurred in the inner scale layer. The exten! 


of this increase can be more readily seen from the values of Table \ 
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scale layer to that in the base steel. In the case of silicon this ratio 
varies from 1.29 to 1.72, with chromium from 1.43 to 1.50, and with 
molybdenum from 1.29 to 1.70. It is interesting to note that in the 
case of chromium the degree of build-up is nearly constant even 
though the amount of this element in the base steel ranged from 0.07 
to 5.09 per cent. With the remaining two elements the variation in 
the degree of concentration is more pronounced but again it is not 
excessive. 

The results of these analyses presented in Table IV offer grounds 
for many interesting speculations, some of which will be discussed. 
for example, in the oxide layers it is observed that in every case the 
alloy content is lower in the outer portions than in the inner layer. 
This agrees with Pfiel’s theory that the outer scale layers are com- 
posed of iron which had diffused through the base layer. 


Table V 


Degree of Concentration of Designated Alloying Elements in the Inner Scale Layer 
After 350 Hours at 1500 Degrees Fahr. 


Ratio of Amount of Designated Element in 
Inner Scale Layer to that in Base Steel 


Type Steel Silicon Chromium Molybdenum 
0.50 Mo 1.72 1.43 1.29 
0.50 Mo + 1.35 Si 1.51 1.43 1.70 
2 Cr + Mo 1.52 1.50 1.62 
2 Cr + Mo + 1.32 Si 1.39 1.47 1,39 
4-6 Cr + Mo 1.29 1.46 1.38 
4-6 Cr + Mo + 1.55 Si * . ” 
"Scale layer was of microscopic thickness and could not be analyzed 


Again all the elements in the steel surface except copper show 
a tendency towards lower values in the extreme outer steel layer, 
indicating that there may be some diffusion from the outer steel layer 
into the inner oxide layer. 

The behavior of copper is an interesting field for speculation. 
This is the only element which is found in increased amounts in the 
outer steel layer, being present in one instance (2 per cent chromium 
plus 0.50 per cent molybdenum) in an amount representing a tenfold 
al increase over the base metal. A clue to the mechanism of this effect 

is observed in the Si-Cr-Mo 5 steel which is the single steel type in 

this series that showed neither surface oxidation nor increased copper 

content on the surface. It would seem that the copper increment at 
xtent the surface of the other steel types was deposited by that portion of 
ble V the steel which was converted to oxide, and that some inward diffu- 
innef sion of the copper from the surface had occurred. 
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With one exception no copper was found in any oxide sample 
and in this case there is a possibility that the copper, a small amount 
of which was found in the inner scale layer, may have been carried 
into the sample mechanically from the steel surface. 

Sufficient oxide was not found on the 4-6 Cr + Mo + 1.5 Si 
steel to permit analysis. In fact the surface of the specimen was 
barely tarnished. On the basis of the values given in Table V it 
would appear that the chromium content of the thin oxide layer on 
the surface of this steel would be of the order of 7.25 per cent, while 
the silicon content might range from 2.0 to 2.70 per cent. This 
would indicate that for an effective oxidation resistance at 1500 de- 
grees Fahr. (815 degrees Cent.) a combined silicon plus chromium 
content of from 9.25 to 10.0 per cent is required in the inner scale. 
A chromium content alone of this magnitude would not be sufficient 
as is evident from the results presented for the 12 per cent chromium 
steel in Table III. 

The microstructures of Figs. 5, 6 and 7 are included to show 
the surface of the specimens after 350 hours at 1500 degrees Fahr. 
(815 degrees Cent.). All of the scaled layer is not included as the 
magnitude of this can be readily seen from the photographs of Fig. 4. 
These structures definitely indicate that oxidation proceeded inter- 
granularly although the extent of the intergranular attack was never 
far in advance of the general attack. At the magnification used this 
gave the appearance of surface pitting. 

In the case of the 0.50 Mo and 2.0 Cr + 0.50 Mo type steels 
excessive grain growth occurred in certain sections under the given 
test conditions. With the low silicon 4-6 Cr + Mo steel, this test 
temperature was slightly above the thermal critical range and the 
grains remained small. Likewise the inner scale adhered more firmly 
to the surface of the steel than in the lower alloyed steels. With the 
higher silicon modification of this same steel, the test temperature 
was below the thermal critical range, the grain size remained small, 
and a thin layer similar to that obtained by decarburization was 
formed on the surface. It should be noted that no visible scale exists 
on the surface of this steel. 

While the surface of the steel of Fig. 7b appears to be de- 
carburized, there is likewise the possibility that this structure may 
have resulted from the diffusion of certain of the alloying elements 
of the steel into the thin layer of surface oxides. The subsequent 
elimination of grain boundaries might simulate decarburization. 
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higher concentration of the alloying elements than are present in the 
base steel. This implies that diffusion of these alloying elements 
must occur and that, in order for a high resistance to be obtained, 
there must be a sufficient amount of these elements present to effec- 
tively combine with the oxygen which is diffusing inward. Likewise 
even in the absence of stress the attack proceeds intergranularly 
although the intergranular attack is never far in advance of the 
general attack. 


COMMERCIAL CONFIRMATION OF FINDINGS 


Laboratory oxidation and corrosion tests are often considered 
as being of interest but not capable of direct commercial application. 
There is some basis for this belief as it is generally impossible to 
reproduce on a laboratory scale the exact service conditions, mainly 
because all of the variables are not known and because they may 
differ in each application. It is largely for this reason that corrosion 
tests were not considered in this investigation. However, in the 
case of the oxidation resistance, it is believed that laboratory tests 
should indicate, in a qualitative manner at least, the relative merit 
of the individual members of a series of steels. 

It so happens that many of the steels considered in this investiga- 
tion have been in service for a considerable period of time and a 
comparison of the service life with the laboratory records indicate 
the two to be in agreement. For example, tubes made of the Si-Cr- 
Mo 5 steel have been operating satisfactory at temperatures of 1300 
to 1450 degrees Fahr. (705 to 790 degrees Cent.) for well over a 
year and the results of Table III show this steel to have a high degree 
of oxidation resistance at 1500 degrees Fahr. (815 degrees Cent.). 
Likewise increased life, due to lower scaling losses, has been obtained 
with the higher silicon modifications of the 0.50 per cent molybdenum 
steel at the intermediate temperatures. 


CONCLUSIONS 


The results obtained from the investigation on the influence o! 
chromium, silicon and aluminum on the oxidation resistance of 10 
termediate alloy steels permit the following conclusions: 

1. A very high resistance to oxidation, at temperatures up to 
and including 1750 degrees Fahr. (955 degrees. Cent.), can be ob- 
tained through the proper combination of these three elements. 
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2. In the presence of chromium, both silicon and aluminum 
appear to be more effective than chromium in improving the oxidation 
resistance. In fact for the steels considered silicon is seven times 
and aluminum four times as effective as chromium. 


3. The addition of 1.5 per cent silicon to the 4-6 Cr + Mo 
type steel produces a high resistance to oxidation at temperatures up 
to and including 1500 degrees Fahr. (815 degrees Cent.), while the 
further addition of 0.50 per cent aluminum to this same steel greatly 
improves the resistance even at 1750 degrees Fahr. (955 degrees 
Cent. ). 

4. Chemical analysis showed a marked increase in the con- 
centration of the chromium and silicon in the inner scale, thus sup- 
porting the theory that those elements diffuse, combine with the 
oxygen and form a dense and tightly adhering scale. 

5. The microstructures indicate the attack to proceed inter- 
cranularly, even in the absence of stress, although it is not far in 
advance of the general attack. 

6. Commercial service has confirmed the laboratory oxidation 


tests. 
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DISCUSSION 


Written Discussion: By P. A. E. Armstrong, consulting engineer, New 
York ( ity. 

The authors’ paper contains a lot of very interesting information, but 1 
ust take issue with them concerning their statement on page 126: 

“These two elements (silicon and aluminum) have not been used to a 
wide extent for improving the oxidation resistance largely because of mis- 
conceptions with respect to their influence on the physical characteristics of 
the resulting steels.” 

There certainly has been and still is being used a large tonnage of chro- 
licon steels and chromium-silicon-aluminum steels that have been used 


eC 1 their resistance to heat oxidation and their good physical properties. 
| . eee e — 
ll chromium-silicon steels under the name of Silcrome have been the 
subj. Ct if 


expensive litigation and adjudication of the patents, which patents 
ied to me. Therefore I think I am right in saying that the chromium- 
teels of this type have been very widely used and still are. 
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I would like to suggest to the authors that where aluminum is used with 
silicon, it should be higher than the silicon, and the scale resisting character- 
istics of aluminum-silicon steels with the very necessary chromium is better 
than a similar type steel without aluminum, and having the silicon content 
equal to the combined silicon and aluminum. 

The very good scale resistance at 1750 degrees Fahr. the authors found 
in their steel 5-2-3 leads me to believe that the oxidizing conditions under the 
heat were not very severe. However, the marked effect of. scale prevention 
of silicon over 2 per cent is clearly shown. 

Molybdenum is a very useful addition as it increases the strength of the 
steel when hot, adds somewhat to its scale resisting characteristics and hard- 
ness and strength cold as clearly shown in Table II. 

I would draw the authors’ attention to many patents in this field which 
would tend to show the work that has been done and should modify the authors’ 
opinion that they have not been used to any wide extent, and I am pleased to 
say that a number of these patents have been granted to me covering chromium- 
silicon steel, chromium-aluminum-silicon steel, and similar steel with nickel and 
other additions. 

Written Discussion: By W. B. Mathews, Standard Oil Co., Chicago. 

There is little that I can add to the very interesting treatment which the 
authors have given to this subject. However, it is perhaps worthy of note that 
the benefit of an aluminum addition in augmenting the oxidation resistance of 
these intermediate alloy steels appears to be confined to temperatures at which 
the low strength of such steels makes the use of any of them impractical. At 
temperatures in the usual range of application the aluminum-chromium-silicon 
steels appear to have little, if any, advantage over the silicon-chromium-molyb- 
denum steels of comparable chromium content. 

It is somewhat surprising that the intermittent tests on aluminum-chro- 
mium-silicon steels and silicon-chromium-molybdenum steels at 1250 and 1400 
degrees Fahr. consistently showed lower losses than the continuous tests for, 
granting that the size and shape of the specimens were such that thermal 
stresses were at a minimum, it would appear that the losses in the intermittent 
tests would at least equal those in the continuous tests. 

Written Discussion: By C. H. Fellows and R. M. VanDuzer, Jr. 
Detroit Edison Co., Detroit. 

This subject of corrosion and oxidation resistance of steels is one of in 
creasing interest to designers and users of equipment. The authors are to k 
commended for their contribution to the too meager supply of information now 
available. 

The discussers have been interested in the corrosion of alloy steel from 
the standpoint of its attack by 1100 degrees Fahr. steam as part of an investige- 
tion conducted by The Detroit Edison Company in the use of high-temperature 
steam for power production since 1929. It so happens that two of the high- 
silicon steels listed in Table I of the paper were among those which wer 
exposed to steam attack, together with two steels of practically the same com 
position but with only nominal silicon additions. These alloys are among those 
being investigated to determine their suitability for superheater tube use. 

The specimens used consisted of unstressed 14-inch ground rods, 6 inches 








1939 


long an 


grees I 


Steel 


One 
second s 
subjectec 
8000-hou 


tions is 


The 
as shown 
paper wh 
specimens 
that gene 
drawn fr 
comparing 
trom elec 
character 
whereas t 

If Ox 
of high t 
weight los 
corrosion 
rate of SC: 
all except 
rate loss ¢ 
corrosion, 
mediums r 

To th 
ture as to 
In this par 
ducted on 
temperatur 
Cnough to 
sultant cre, 


be of inter, 








nt 


ind 
the 
ion 


the 
ird- 


rich 
ors’ 
d to 
um- 


and 


“ago. 
l the 
that 
ce of 
vhich 
At 
ilicon 
t slyb- 


chro- 
1400 
S for, 
ermal 
nittent 
a ee, 
of in- 
+ tO bx 


m now 


| from 
vestiga- 
erature 
e high- 
h were 
ne com 
g those 


, gnches 


1939 DISCUSSION—OXIDATION RESISTANCE 147 


jong and exposed to periods of approximately 4000 and 8000 hours in 1100 de- 
grees Fahr. steam. The compositions of these alloys were as follows: 


Chemical Composition, Per Cent by Weight— 


Steel e Cr Mo Si Mn P S 
0.09 1.21 0.58 0.78 0.41 0.01 0.013 
0.10 1.24 0.58 1.40 0.41 0.01 0.013 
0.13 4.96 0.52 0.32 0.45 0.01 0.012 
i 0.10 4.83 0.51 1.55 0.30 0.009 0.016 


One set of these samples was removed after 4000 hours exposure and a 
second set was removed at the end of 8000 hours. Both of these groups were 
subjected to heating and cooling cycles; the 4000-hour set to 6, while the 
8000-hour samples were exposed to 12. The result of weight-loss determina- 
tions is shown in the following tabulation : 


Weight Loss After Exposure to 
1100 Degrees Fahr. Steam 


After 4000 Hr. After 8000 Hr. 

Steel (Grams per Sq. In. of Original Surface) 
] 0.313 0.313 
2 0.416 0.502 
3 0.203 0.290 
4 0.301 0.326 


The comparative weight-loss values for-high-silicon and low-silicon alloys 
as shown in this table are different from those obtained by the authors of the 
paper where the environment of the specimens was different from that of the 
specimens referred to in the table above. Such data prompt the observation 
that general conclusions regarding the scaling resistance of steels cannot be 
drawn from data resulting from any one type of reactive environment. In 
comparing actual samples from steam corrosion tests with those of the authors’ 
irom electric muffle furnace tests, a distinct difference is noted in the physical 
character of the scale. That on the furnace samples tends to be loose and flaky, 
whereas that on the steam specimens is dense and tenacious. 

If oxidation and corrosion results are to be of maximum use to designers 
of high temperature equipment, rate of loss should be given rather than the 
weight loss for any one period as has been done by the authors. The steam 
corrosion work conducted by the discussers would indicate that the maximum 
rate of scaling takes place during the first few thousand hours of exposure in 
all except carbon steel. There is no reason to believe that the shape of the 
rate loss curve for air oxidation would be materially different than for steam 
corrosion, although the total amount of scale formed in the two reactive 
mediums might be materially different. 

To the writers’ knowledge there is no information available in the litera- 
ture as to the effect of stress on the rate of scale formation. The tests reported 
in this paper as well as the steam corrosion work mentioned have been con- 
ducted on unstressed specimens. The discussers are inclined to believe that, at 
temperature of 1100 degrees Fahr. and above, the inner scale layer is ductile 
fnough to insure considerable protection against scaling if the stress and re- 


sl ¢ cree aTe ce — 77° e - ° 
ee creep are not excessive. The authors’ comments on this matter would 
* Of interest 
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Authors’ Reply 


We appreciate the discussion which has been offered to this paper as 
will guide our future work on this subject. 

With respect to the discussion of Messrs. Fellows and VanDuzer, the x 
sults presented are of great interest as they shed further light on the genera] 
subject of surface stability. It should be realized, however, that the present 
paper is concerned with oxidation resistance, such as would be encountered 
commercially in either air or flue gases, while the discussion pertains to cor 
rosion in steam. A comparison of the results from the two types of test 
definitely indicates the mechanism of attack to be different. Realizing this 
work is now in progress attempting to establish the mechanism in the presenc 
of steam. 

As stated in the paper the results presented are intended to be qualitative, 
rather than quantitative, and for this purpose the total oxidation loss over th 
1000-hour testing period was believed to be the most suitable index for presenta 
tion. The study of oxidation rates is complicated by the primary and second 
ary rates, each of which may be influenced to a pronounced degree by various 
factors, and to different degrees as the compositions of the steel or the attacking 
media are varied. 

Insofar as the influence of stress is concerned, it is believed that the pres 
ence of stress may cause intergranular attack, in certain types of steels, to b 
far in advance of the general attack. In the absence of stress, the attack | 
largely general in nature. 

One statement of this discussion may be misinterpreted. It is stated that 
the scale produced in the air oxidation tests tended to be loose and flaky. What 
was really meant was that it was somewhat more easily removed than that 
produced in the steam corrosion tests. Both scales were, however, dense an¢ 
tenacious. 

With respect to Mr. Mathews’ comments, the increased oxidation resistance 
at 1750 degrees Fahr. imparted by the aluminum additions is recorded as 
matter of interest. The primary purpose of the aluminum additions was 
however, to decrease the air hardening characteristics and to improve th 
corrosion resistance, especially to hot petroleum products. The greater oxida 
tion resistance obtained at 1250 and 1400 degrees Fahr. from the intermittent 
tests is believed to be due to the more rapid formation of a protective scal 
layer on the surface. 

We agree with Mr. Armstrong that steels containing silicon and aluminun 
have been used commercially for obtaining increased resistance to oxidation 
Our statement with respect to the limited use of these two elements w% 

intended to apply mainly to seamless tube applications. 
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INFLUENCE OF ALUMINUM ON CAST 
CORROSION RESISTING STEEL 


By JosepuH A. DuMaA 


Abstract 


The paper describes some of the alloying effects of 
0.08 to 3.00 per cent aluminum on the mechanical and 
corrosion properties of cast 20-10 corrosion resisting 
steel. The effect on mechanical properties was studied 
with tensile, bend, hardness, and impact tests. Corrod1- 
bility was tested in four of the common corroding media, 
namely: boiling 67 per cent nitric acid, 4 per cent sea salt 
spray, tide river water, and 10 per cent ferric chloride 
solution. An oxidation test was also performed. Photo- 
graphic evidence regarding the effects of aluminum on 
both the macro- and microstructures of this metal ts pre- 
sented. Studies of the response to heat treatment of 
aluminum-bearing corrosion resisting steel are likewise 


included. 


N THE manufacture of Grade 1 corrosion resisting steel castings 

for the Navy, it is the practice of the Navy Yard to finish off 
each heat with an addition of 0.15-0.30 per cent titanium. The rea- 
sons for, and the mode of, that addition have been given in a recent 
A.S.M. paper by the author.'' In this process the metal is melted 
down—first, under a cover of molten lime-alumina slag, and second, 
under a highly reducing lime-aluminum slag. Immediately prior to 
pouring, the titanium is introduced into the bath in the form of a 
mixture consisting of 2 parts titanium oxide (rutile) and 1 part 
aluminum shot. The two materials react exothermically and are 
thereby converted into two new materials, titanium and molten 
aluminum oxide slag. The use of aluminum in both the slag and the 
rutile mixture not infrequently results in the incorporation of some 
residual aluminum in the metal, generally ranging in content from 
V.06 to 0.12 per cent. Hitherto, the extent to which this residual 
aluminum benefited or injured the corrosion and mechanical proper- 






Tr ‘Joseph A. Duma, “Effect of Titanium on Some Cast Ferrous and Nonferrous Metals,” 
ANSACTIONS, American Society for Metals, Vol. XXV, No. 3, Sept. 1937. 





h Pg paper presented before the Twentieth Annual Convention of the Society 
- in Detroit, October 17 to 21, 1938. The author, Joseph A. Duma, is 
“sistant metallurgist, Norfolk Navy Yard, Portsmouth, Virginia. Manuscript 
received June 18, 1938. 
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ties of the metal was a matter of conjecture. In order to achieve 
better control over the manufacture of corrosion resisting steel with 
the thermit process of titanium addition it was deemed desirable to 
evaluate these effects. Being slight, and therefore difficult of isola- 
tion, they were accentuated with deliberate additions of aluminum. 
The additions, as will be shown later, were made both in the furnace 
and in the ladle, with and without rutile. 










MELTING PRACTICE 







The heats for this investigation were all made in a basic-lined, 
one-half ton, Moore “Lectromelt” arc (three 3-inch electrodes) 
The initial charge for each of these heats was as follows: 






furnace. 










) 1000 pounds corrosion resisting steel plate scrap (%% x 8 x 12 inches). 
) 500 pounds foundry returns (heavy corrosion resisting steel gates and 
risers ). 
(3) 30 pounds black nickel oxide (77 per cent nickel). 
(4) 15 pounds red hematite ore (%%4-2-inch lumps). 
(5) 50 pounds fluorspar (92 per cent CaF). 
50 pounds low silica lime (97 per cent CaO; 0.50 per cent SiO:). 









Approximately 100 pounds of item (1) were charged first, then 
items (2) to (6) inclusive, and finally the remainder of item (1). 
The carbon electrodes, precleaned with air blasting as a precaution 
against carbon pick-up, were lowered onto the charge and the power 
of the high tap (145-volt arc) was turned on. The entire charge was 
meited down in approximately 20 minutes. The resulting lime slag 
was thinned down with 10-12 pounds alumina. This thin, grey slag 
was kept on the metal from 5 to 10 minutes; it was then cleaned off 
and replaced with one consisting, when first made, of 10-12 shovel- 
fuls of low silica lime. From time to time, in the course of refining, 
the newly made slag was occasionally sprinkled with half shovel- 
fuls of a 1:3 Al,O,-CaO mixture. During the interval between slag- 
ging off and final pouring the furnace was supplied with power from 
the low, and next to the low, taps (80 and 100 volt arcs). At the 
halfway mark of the refining stage approximately 50 pounds of 70 
per cent ferrochromium, together with about 1 to 2 pounds of 95 pet 
cent ferrosilicon, were incorporated into the bath. This addition 
was not made at one time but split in two, and introduced into the 
bath five minutes apart. At the end of the final chromium addition 
the furnace was tilted, and some of the second slag (colored greet) 
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was run off. The final slag was repaired with several shovelfuls of 
Al,O,-CaO. The bath was then ready for the final alloy addition, 
i.e., titanium, which, as previously stated, was added to the bath in 
the form of a mixture made up of 36 pounds rutile and 18 pounds 
aluminum shot. An intense exothermic reaction immediately oc- 
curred between the rutile (titanium dioxide) and the aluminum, 
resulting in their simultaneous reduction and oxidation. At the com- 
pletion of the thermit reaction the metal was poured into a 1-ton, 
bottom-pour ladle and thence into “dry” steel sand molds. The final 
slag was white on the top, dark to black in the center, and pink 
underneath. 

Particular attention is directed to the fact that neither limestone 
nor pulverized coke was used at any time in the manufacture of 
these metals. The high recovery of manganese and silicon should 
also be noted: this, of course, signifying a comparatively low degree 
of oxidation even in the melt-down. 

With the exception of Heats 9, 10, 11, and 12, which were made 
of only 1000-pound burden instead of the usual 1500-pound, all the 
heats listed in Table I were made as outlined above. The rutile- 


aluminum and aluminum additions varied with each individual heat 
as follows: 


Titanium Additions Aluminum Per Cent of Each 
Heat Rutile plus Aluminum Additions in the metal 
No (95%-98% TiOz) (Shot; 99% Al) (Pig; 99.9% Al) Ti Al 

Lbs. Lbs. Lbs 
| 36 18 None 0.24 0.12 
< 30 15 None 0.24 0.08 

30 15 5@ 0.21 0.24 
+ 32 16 None 0.29 0.07 
) 32 16 10 0.28 0.48 
6 32 16 10 0.27 0.20 
7 30 15 15 0.42 0.40 
8 24 12 38 0.17 1.10 
dod 25 25) 20 0.80 1.24 
10 None None 26 oes 1.76 
11® 20 10 45 0.52 3.25 
1 Zt) g0 45 None 3.10 0.62 


'» Added to ladle. 
 1000-pound heats. 
“~Grained aluminum-rutile, 1:1 mixture (TiO, = 75 per cent). 


__ The pouring temperature range was approximately from 2775 to 
287 5 degrees Fahr. (1525 to 1600 degrees Cent.). The melter 
“stimated the temperature by the spoon test before tapping the heat 
but the actual temperature was taken with an optical pyrometer as the 
metal poured over the spout of the furnace. Steel from each heat 


Was poured into two test blocks, each block weighing approximately 
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350 pounds. The main body of the block consisted of a slab 30x9x2 
inches, with twelve coupons 9x144x2 inches cast on the bottom side, 
Test blocks were made in dried sand molds; coupons were removed 
from the block by melting with the metallic arc. 














Table | 
Composition of Corrosion Resisting Steels 







Chemical Composition, Per Cent 






Heat 








No. Cc Mn F S Si Ni Cr Ti Al 
1 0.12 0.58 0.010 0.012 0.40 10.60 22.63 0.24 0.12 
2 0.14 0.45 0.037 0.010 0.67 10.75 21.75 0.24 0.08 
3 0.14 0.45 0.037 0.010 0.67 10.75 21.75 0.21 0.24 
4 0.10 0.50 0.030 0.003 0.63 10.66 22.41 0.29 0.07 
5 0.10 0.50 0.030 0.003 0.63 10.66 22.41 0.28 0.48 
6 0.23 0.47 0.030 0.010 0.45 10.93 21.14 0.27 0.20 
7 0.10 0.54 0.013 0.008 0.72 10.58 21.33 0.42 0.40 
8 0.11 0.86 0.030 0.010 1.17 10.60 20.53 0.17 1,10 
9 0.11 0.55 0.030 0.010 1.14 10.78 20.71 0.80 1,24 

10 0.12 0.55 0.010 0.012 0.80 10.95 21.90 oes 1.76 

11 0.13 0.52 0.020 0.006 1.15 13.65 20.63 0.52 3.25 

12 0.13 0.64 0.025 0.007 0.66 11.57 22.47 3.10 0.62 


1] 


TESTS AND TEST SPECIMENS 







(a) Chemical Analyses—Chemical analyses were made using 
standard recognized procedure for the accurate determination of all 
elements. The titanium determinations were made according to th 
colorimetric method of Cunningham ;? the per cent aluminum was 
found using the mercury cathode method of separation.* 

(b) Tensile Tests—All tensile specimens were of the standard 
cylindrical type, with a 2-inch gage length and 0.505-inch diameter 
and the specimens were pulled in an Amsler hydraulic testing machine 
of 50,000 pounds capacity. 

The proof stress was taken as that load which when released 
produced a permanent set of 0.0002 inch in a 2-inch gage length 

The yield point could not be detected by the usual drop of beam 
method on these austenitic and ferritic-austenitic alloys. It was 
found with a pair of dividers and was taken as the stress at whicl 
the divider point first failed to re-enter the 2-inch gage mark. 

The results listed in the tables are the average values obtained 
from testing duplicate specimens but when there was a large dis 
crepancy in results of these duplicate specimens a third specimen was 




















2T. J. Cunningham, ‘“‘Determination of Titanium in Plain Carbon and 18-8 Nickel 
Chromium Steels,” Industrial and Engineering Chemistry, Vol. 5, No. 5, p. 305-6, Se? 
15, 1933. Analytical Edition. 

%Hillebrand and Lundell, ‘“‘Applied Inorganic Analysis,’”” p. 105, published | 
Wiley & Sons Incorporated. 
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>) A ° 

x2 subjected to the same treatment and the average taken from the two 
de. siving most similar values. 

ved (c) Hardness Tests—The Brinell hardness readings were taken 


on the grip ends of broken tensile specimens which had been machined 
flat on opposite sides in a milling machine. In all Brinell tests a 
3000-kilogram load, a 10-millimeter ball, and a 30-second application 
of load were used. 

(d) Impact Tests—Izod impact specimens were the standard 
10-millimeter square bars, notched transversely on two adjacent sides 
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laper = per foot 





8 ncluded angle must fit gage. 
+ \ 
8 
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0 
0 
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5 
2 
ising 
yf all 
9 the : 
ie Drill *7 (0.201" #° deep R= 323" 
a. e sink 60°» i “ / 
2-20 USF Tho F4 "“Ceep / 
idard ieee Showing Form and Dimensions of Fatigue Specimen. Designer: Battelle 
emorial Institute. 
meter ra ONT e tay: e Ac 
bh | bya“V” cutter to a depth of 2 millimeters and an angle of 45 de- 
cnine voit Tr od , ‘ 
grees. The notch was finish machined with a second cutter that was 
irequently ground and honed with a radius of 0.01 inch on the 
eased ee , 
| points. Impact tests were made in an Amsler pendulum impact 
engtn wie ia ae ele ee . : ; ‘ 
testing machine of 240 foot-pounds capacity, equipped with an Izod 
yall) Se i . s a a ~ ‘ 
head and anvil. The pendulum was let fall from the 120 foot-pound 
t was graduat; 
we graduation on the Izod scale. 
whic! = on ae ; . 
(e) Fatigue Tests—Fatigue specimens were machined to the 
orm and dimensions shown in Fig. 1. The values for endurance 
tained a : , ait é 
limit were determined on a Moore rotating beam type fatigue testing 
re ( > “hine oe . . , - ’ ; 
: machine operating at 1800 revolutions per minute. 
1 Was Ce he-ae ae ; oe 
(1) Micro-S pecimens—Specimens for microscopic examination 
, Nickel Te > +~ ro . 
ie ® Were taken from the large ends of broken tensile bars. Macro- 
c @ *pPecimens were made from coupons similar to those used for the 


tensile est. 
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(g) Corrosion Tests—Five different corrosion tests were ap- 
plied to the steels studied in the investigation. A description of 
each follows: 

(1) Salt-spray: The specimens used in the salt-spray corrosion 
tests were of the plumb-bob type and finished with dry No. 00 iron- 
free emery cloth. Prior to testing, all specimens were washed in the 
following cleaning agents, in this order: petrolic ether, alcohol, warm 
water, alcohol. 

The salt-spray test was conducted by exposing the specimens to 
a finely divided spray generated by a hard rubber atomizer using air 
at 15 pounds pressure and a 4 per cent sea-salt solution. The chem- 
ical composition and alkalinity of the salt used were: 


Sodium chlorite CBIMLT), per Comb... ccc ccc ccc ccccvicns 


ee ee I NM 5 as sn od a ded dec ecaeens oWen 1.01 
is os 6's olan n'y ba dees ain be wens Ree 0.10 
ES I Seo a, alee se dipke ea da aple’e ee ohaha Trace 
I i a re rt None 
Moisture or loss at 221 degrees Fahr. (105 degrees Cent.), 
UD ia ne bine da bead bee ede da mae b eT hae hensanes 0.10 
pH value of a 4 per cent solution in tap water............. 7.47.5 
pH value of a 4 per cent solution in distilled water......... 7.4 


To attain maximum uniformity of exposure, every specimen was 
periodically rotated 180 degrees so as to face the fog and all speci- 
mens were alternately transposed from one rack to the other. The 
average prevailing test temperature was 77 degrees Fahr. (25 de- 
grees Cent.), and the total time of exposure was 1000 hours. 

(2) Wet and dry box: Solid cylinders, 1 inch in diameter by 
2¥% inches high and topped with a 45-degree cone one inch high, 
were used for specimens in this test. They were given the standard, 
dry No. 00 iron-free emery cloth finish. 

The specimens were exposed to alternate wet and dry conditions 
in an outdoor tank which was automatically filled with, and emptied 
of, tide river water at definite intervals (3 times an hour). Having 
been in the box for 11 months, the number of cycles of wetting and 
drying to which the specimens were exposed was slightly in excess 
of 24,000. The salinity of the southern branch of Elizabeth River, 
whose water was used in the test, is subject to seasonal variation 
A representative analysis of this water follows: 


ee a ES ike 64a oie bok ORE 43.7 grams per liter 
IID a a b-arGo-@h, 9/0 Kiecqhve oh Ke Bie 34.6 grams per liter 
I IN a «6 wh dn cick nomen ween he 3.5 grams per liter 
Magnesium Chloride ................... 5.6 grams per liter 


Specific Gravity (60 degrees Fahr.) ..... 1.0135 
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(3) Oxidation Test: Finished ground, rectangular disks, ¥%2x 
21%4x2™% inches, were heated to 1950 degrees Fahr. (1060 degrees 
Cent.) and held at temperature for 1 hour. They were then air- 
cooled to room temperature and pickled in 50 per cent hydrochloric 
acid (specific gravity 1.19) solution maintained at 170 degrees Fahr. 
(76 degrees Cent.) until all the scale was removed. The above pro- 
cedure was repeated five times. 

(4) Nitric Acid: The specimens for nitric acid test were 2x¥2x 
4 inches. 

The test was conducted by immersing each specimen in 400 
milliliters of chemically pure 67 per cent concentrated nitric acid 
(specific gravity 1.42) contained in flasks equipped with reflux con- 
densers. Dilution of the 67 per cent acid solution was accomplished 
by using distilled water. The flasks were heated until boiling 
occurred and were maintained at boiling temperature for forty-eight 
hours after which the samples were withdrawn, washed, dried, and 
weighed. The foregoing procedure was repeated three times on each 
specimen. 

The corrosion losses are expressed in inches penetration per 
month and were calculated after each 48-hour period from the 
formula: 





43.9 W 
AST 
where 
R Corrosion rate in inches penetration per month. 
W = Weight loss in grams. 
A = Total area in square inches. 
S Density in grams per milliliter. 


z Time in hours (48). 


(5) Ferric chloride pitting test: To reduce edge attack to a 
minimum, the specimens were made spherical in form with a diameter 
of l inch. Surface markings were removed by polishing on metal- 
lographic papers No. 00, 000, 0000, and finally velvet and levigated 
alumina; cold work effects in the surface skin were reduced to a 
very low value with repeated and alternate polishing and etching of 
each specimen. 
| The specimens were placed in a 10 per cent ferric chloride solu- 
tion contained in beakers (capacity: 200 cubic centimeters). The 
solution was prepared by dissolving 100 grams of FeCl,-6H,O in 
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approximately 500 cubic centimeters of distilled water containing 20 
cubic centimeters of 2.45 normal hydrochloric acid at 150 to 170 de- 
grees Fahr. (65 to 70 degrees Cent.). After five minutes the above 
solution was diluted with distilled water to 1 liter. The pH of the 
final solution was 1.1. 









INFLUENCE OF ALUMINUM ON CoRROSION RESISTING STEEL 





Castability: The influences of aluminum on molten corrosion 
resisting steel are several. Perhaps the most important feature is its 
influence on fluidity. As in brass founding* and galvanizing,® so in 
the manufacture of austenitic chromium-nickel alloys, aluminum, 
through its action on surface tension, renders metal more fluid. The 
running quality of aluminized corrosion resisting steel manifests it- 
self in its searching action, filling completely the thinnest spaces 
(drag and cope interfaces), and in its tendency to form fins and flat 
thin sheets when spilled. The influence of aluminum on the surface 
appearance of castings also merits recording. Aluminum bearing 
castings, in contradistinction to the straight corrosion resisting steel 
castings, are generally smoother when cast in sand molds of identical 
physical properties. Apparently, aluminum-treated metal is not as 
damaging in its effects on mold sand as straight corrosion resisting 
















steel. 

Physical Properties: Fig. 2 is a graph of the physical properties 
of Heats 1, 5, 8, and 10 after water quenching from 2000 degrees 
Fahr. (1095 degrees Cent.). Each of these heats, it will be noted, 
aside from being low in titanium, is similar in composition. An ex- 
amination of Fig. 2, together with a study of the physical data con 
tained in Table II, shows: 

(1) That the presence of aluminum in amounts from 0.07 to 
1.50 per cent has a materially strengthening effect upon corrosion 
resisting steel, since it raises the tensile strength and yield point with 
out unduly affecting ductility or impairing shock resisting quality. 

(2) That additions of aluminum from 1.75 to 3.25 per cent 
effect substantial increases in tensile strength, yield point, and hard- 
ness, but at the sacrifice of considerable ductility. 

(3) That the incorporation of more than 2.00 per cent alum 
num as a component of the composition of corrosion resisting ste’ 

















4Vickers, ‘‘Metals and Their Alloys,” p. 415, published by Henry Carey Baird & ' 
Inc., New York City. 

5U. S. Dept. of Commerce, Bureau of Standards Circular No, 395, “‘Zinc and Its 
Alloys,” p. 118. 
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castings is of doubtful benefit, for it embrittles them to a degree so 
damaging as to render them unfit for applications demanding high 
resistance to suddenly applied impact loads. 

In short, titanium-bearing corrosion resisting steel of the type 
studied in this investigation can be made to have a comparatively high 
combination of tensile strength and ductility if the aluminum content 
is restricted to approximately 1.50 per cent. 


| 
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Fig. 2—Showing the Influence of Aluminum on Cast and 
Annealed—Quenched in Water from 2000 Degrees Fahr. (1093 
Degrees Cent.)—20-10 Corrosion Resisting Steel. 


10.0 


Tests to determine the influence of aluminum on the fatigue 
strength of cast 20-10 containing titanium were also made, but due 
to the limited number of specimens tested, it was impossible to obtain 
a complete endurance curve. Within the scope of the investigation, 
it appears that an increase in fatigue life can be expected with in- 
creasingly higher amounts of aluminum and titanium in combination 
where these elements cause an increase in tensile strength. The in- 
crease in fatigue strength, however, is not in the same order as 
increase in tensile strength. Table II shows that the endurance 
limit of aluminum-titanium corrosion resisting steel is approximately 
35 to 40 per cent of its tensile strength. 

Physical Properties After Forging: Several cast coupons from 
Heats |, 9, and 10—rough machined all over for removal of as-cast 
Surtace to 2x2x6 inches—were preheated slowly to 1600 degrees 
Fahr. (870 degrees Cent.), soaked, and then heated rapidly to 2350 
degrees Fahr. (1290 degrees Cent.). The specimens were reduced 
ing with light but rapid strokes to bars 54 inch in diameter. At 
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no time during forging was the temperature of the work permitted 
to drop below 1800 degrees Fahr. (980 degrees Cent.). The forged 
bars, after annealing (quenching in water from 2000 degrees Fahr.), 
save the following physical values. 


Reduction of 


Tensile Strength Yield Point* Elongation Area 

Heat Lbs./Sq. In. Lbs./Sq. In. Per Cent Per Cent 
] 94,750 44,500 51.5 52.5 
9 107,000 85,750 29.5 49.5 
10 105,000 75,000 35.0 50.5 


*Dividers. 
Forging augments noticeably the tensile strength of corrosion 
resisting steel containing incidental (under 0.12 per cent) aluminum. 





_ Fig. 3—Macro-etched CRS, Showing the Influence of Aluminum on Primary Crystal- 
lization, Natural Size. 


The yield point and not the tensile strength is augmented in cor- 
rosion resisting steel containing larger amounts of (1.24 and 1.76 
per cent) aluminum. 

Structure (Macro and Micro): Increasing amounts of alumi- 
num exert a refining influence on the grain structure of castings. 
The grain refining propensity of aluminum is most strikingly evi- 
denced in the decrease of surface roughening over the gage length 
of pulled tensile specimens. Macrostructurally, the positive action 
ot aluminum in producing a very small grain size is set forth in 
Fig. 3. Tt will be noted that specimen 1, made from low aluminum 
Heat |. is fairly coarse-grained while specimens 8 and 10, containing 
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1.10 and 1.76 per cent aluminum respectively, are fine-grained. The 
large specimens were macro-etched in hot 38:12:50 HCI-H,SO,-H,0 
etching solution for 10 minutes; the micro buttons—fitted into the 
face of the large specimens—were etched separately in Vilella’s 
(mixed acids in glycerol) micro etching solution. The micro buttons 
were taken from the grip end of tensile bars made from the same 
coupons as the macro specimens. 

The effect of aluminum on the microstructure is depicted in Figs, 
4 to 9 inclusive. The most apparent, if not the most noteworthy, 
structural change induced by aluminum in solid solution is a partial 
suppression of the formation of austenite, or conversely, the promo- 
tion of insular ferrite. The structure of Heat 1, which contains 0,12 
per cent aluminum, is one consisting of a comparatively few alpha- 
delta pools embedded in a matrix of austenite, while that of Heat 10, 
analyzing 1.76 per cent aluminum, is constituted of nearly equal 
amounts of the gamma and alpha-delta phases. The high aluminum 
structures etched rapidly, and with pronounced darkening of the 
ferrite. 

The effect of aluminum on the gamma iron loop is thus one 
which tends to compress or pull it in from the left to the right. 
Other elements affecting ferrite formation in a manner analogous to 
aluminum are chromium, silicon, titanium, molybdenum, vanadium, 
and tungsten; those suppressing ferrite formation are carbon and 
nickel. Much of the effect of aluminum on the mechanical proper- 
ties and corrosion resistance of the subject steels is due to both its 
ferrite-forming and grain-refining tendencies. 

Heat Treatment: In order to determine the effect of aluminum 
upon the response of corrosion resisting steel to various annealing 
treatments, and to discover whether it produces age-hardening, as it 
does in K-Monel, a number of exploratory heat treatments wert 
given to Heat 9. Along with each specimen from Heat 9 a comparison 
specimen from Heat 1 was used. The size of all specimens was 
alike, i.e., 114x1%x2 inches. 

The effects of the variables, holding time and annealing tem 
perature, were studied first. Figs. 10 and 11 are illustrative of the 
influence of the foregoing variables on the Brinell hardness of Heats 
land 9. Briefly, hardness increases with holding time and tempera 
ture, the highest values being obtainable after a sojourn of | to 1” 


*The Book of Stainless Steels, published by the American Society for Steel [reating, 
Cleveland, Ohio, Chapter 14, p. 347. 
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hours at 2150 to 2200 degrees Fahr. (1178 to 1202 degrees Cent.). fror 
Age-hardening was studied on two differently treated sets of in tk 
specimens. The specimens of one set were quenched in water from clos 
2300 degrees Fahr. (1260 degrees Cent.) after an hour’s exposure 10, 
to the high temperature ; those of the other set were quenched simi- idea 
Se Fy SA Whois 
4 ta. a | 
Heat 
No. 
10 
10 
10 
9 
1] 
1 
1] 

T 
corro 
on th 

Fig §—Heat No, 10, Buced.,Alphadlta, Pools in an_Austeiis Maris: « 30° TMM of th 
Ferrite. resist 
larly but from 2000 degrees Fahr. (1095 degrees Cent.). Two effect 
specimens from each set were then tempered for 8 hours at various J 
aging temperatures ranging from 750 to 1450 degrees Fahr. (390 to metal 
790 degrees Cent.). The hardness curves in Fig. 12 show a promr corro: 
nent peak at 950 degrees Fahr. (510 degrees Cent.), indicating which 
definitely that precipitation hardening has taken place. ning t 
Some of the unusual results of the exploratory heat treatments photo; 
were checked on large specimens from which standard tensile bats hard, 
were made. The heat treatments given these specimens, together with no evi 
the physical properties obtained, are shown in Table III. wt m 
eign 
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a 4 per cent sea salt fog for 1000 hours. Similar specimens, made 








Larch 


nit. ). 
ts of 
from 
osure 
simi- 





, 100 
pha delta 


Two 
various 

( 390 to 
1 promi- 
\dicating 


patments 
sile bars 


her with 








1939 CORROSION RESISTING STEEL 163 


from Heats 3, 5, 6, 7, and 8, were also tested along with those shown 
in the photograph. An examination of the specimens in Fig. 13 dis- 
closed that, from left to right, the third, sixth, and eighth (Heats 1, 
10, and 11) plumb-bobs had a rating equal to “A,” representing an 
ideal condition and being practically perfect as regards resistance to 







Table Ill 
Physical Properties After Various Heat Treatments 


Heat Treatment 









Annealing Aging Tensile Properties 





Heat Temp. Hold T.S. Y¥.P.* Elong. R.A. Brinell 
No. °F. Hrs. Coolant Temp. Hold Cool psi psi % % Numeral 



















10 ERS > cde ewes eemews Meo ees 84,250 35,000 30.0 36.22 

10 2100 ] Water ce : mee 105,500 68,000 32.5 44.86 

10 2050 1 Water 975 8 Fur. 109,250 71,250 12.5 11.90 

9 Cees.” >, cena s Peale ee acnede keene 84,250 40,000 32.5 40.97 166 
9 2100 1 Water anda ‘ a 107,750 69,000 20.0 30.50 223 
4 2100 1 Water 950 8 Fur. 107,250 71,000 75 8.53 232 
9 2150 1 Water 950 8 Fur. 108,500 69,000 9.0 9.66 238 
11 (As-cast) ‘ipl: alia ithe warty 0h is a isl done 98,250 77,500 aa 4.77 

11 1650 2 Furnace... ; Peas See. <wdes 1.0 2.35 a 
11 1800 1 Water et P Puen 117,000 80,000 4.0 5.86 255 
1] 2300 ] Water a : eae Cracked in lathe while machining. 

"Dividers 
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corrosion under the prescribed test; the others showed some attack 
on the metal but practically no progressive corrosion. From a study 
of the results of this test it is concluded that aluminized corrosion 
resisting steel resists corrosion in marine atmosphere equally as 
effectively as straight, titanium-bearing 20-10. 

Wet and Dry Corrosion: Fig. 14 shows the condition of the 
metal after having been exposed for 11 months to a wet and dry 
corrosion test. Prior to photographing, all loosely adherent fouling 
which had accumulated on the specimens was washed off under run- 
ning tap water. At several points, firmly attached to the surface of 
photographed specimens 7, 9, and 11, there may be seen blisters of 
hard, inert matter compounded with rust. Contrary to expectation, 
no evidence of corrosion attack was discovered under the incrusted 
deposits. In order to facilitate surface inspection and to determine 
weight losses accurately, all tightly adherent matter was loosened 
‘rom the surface of each specimen by immersion in concentrated 
nitric acid for 8 hours. Macroscopic examination of the cleaned 
specimens under a magnification of 7 diameters failed to reveal any 
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evidence of pitting or progressive corrosion. The loss in weight 
caused by wet and dry corrosion was found to be as follows: 








resis 
Specimen No. 1 7 9 10 ll but i 
Weight before 284.211 281.726 277.272 273.685 275.247 meta 
Weight after 284.178 281.673 277.193 273.683 275.18 ae 
baci’. Mcaaheipentiones’ | caaleeeneee from 
Loss in grams 0.033 0.053 0.079 0.002 0.068 
The data are obviously too scanty to permit the making of a defi- 
nite statement regarding the relative resistance to corrosion to wet 
and dry conditions of straight, titanium-bearing and aluminum- 
titanium corrosion resisting steels. 
280 
% 
% 
: 250 
2 
& 220 
SS 
190 
160 \ 
30 60 90 120 ; 
Time in Minutes cent ¢ 
Fig. 10—Showing the Influence of Holding : mens 
Time on the Brinell Hardness. All Specimens of 
Quenched in Water from 2300 Degrees Fahr. water, 


Oxidation: The susceptibility of Heats 1 and 9 to “wriggles, 
a kind of intergranular attack having a chicken wire pattern, was 
also investigated. Two specimens from Heat 1—one forged and the 
other cast—and one specimen from Heat 9 were scaled and descaled 
five successive times in the manner outlined under the heading, Cor 
rosion Tests and Specimens. The specimens of both heats, as ma) 
be seen in Fig. 15, were comparatively smooth and free from wrig: 
gles. The amount of metal lost by each specimen after the five ex Ji EK; 








posures to acid and heat was: alumin 
: LN Sistanc 

Cast Specimen 1 Forged Specimen1 Cast Specimen 7 dies , 

Weight before 306.714 332.989 322.758 ae 
Weight after 298.982 326.864 307.504 f Tesistar 

= S i — attack 

Loss in grams 7.732 6.125 15.254 hishe. 

Loss in per cent 2.5 1.8 4.7 gner 
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The high loss of metal by Heat 9 is not indicative of a lower 
resistance to oxidation at 1950 degrees Fahr. (1065 degrees Cent.) 
but is due to the greater attack of the acid pickling solution on the 
It will be noted that no attempt was made to separate scaling 
The figures represent the sum of the two. 


metal. 
from pickling losses. 


Brinel/ Numerals 





1700 1800 


nal £000 2100 2200 2300 
Temperature, °F. 
11—-Showing the Effect of Quenching Temperature 


Fig. 
on Brinell Hardness. All Specimens Held 1 Hour at Tem- 
perature. 


Nitric Acid: The total corrosion losses after exposure to 67 per 
cent chemically pure nitric acid for three 48-hour periods, on speci- 
mens quenched from 2000 degrees Fahr. (1095 degrees Cent.) 


water, were found to be as follows: 


Specimen Total Loss Penetration 
Number Grams Inches per Month 
] 0.0216 0.00087 
2 0.0178 0.00073 
7 0.0203 0.00081 
9 0.0147 0.00054 
10 0.2859 0.01005 
11 0.0863 0.00321 


Examination of these figures will suffice to detect that too much 
aluminum in 20-10 chromium-nickel alloys tends to lower their re- 
sistance to corrosion in nitric acid. This is possibly due to the pres- 
ence of alpha-delta ferrite which is generally believed to be less 
resistant to acid than gamma iron. Specimens 9 and 11 resisted 


<a more effectively than specimen 10, probably because of their 
igher silicon content, Only two specimens, 10 and 11, corroded at 
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a rate in excess of 0.004 inch penetration per month, the deadline 

rate of many specifications. 4 
Pit Corrosion in Ferric Chloride: As stated elsewhere in the ao 
° og eqs ° ° arve 
paper, relative susceptibility to pit corrosion was tested by submerg- Pp 
: of ¢ 
ing l-inch spheres, made from Heats 1, 9, and 10, in 80 cubic centi- — 
As-quenched hardnesses for the upper ae 
curve. >peci- 
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Fig. 12—Showing Brinell Hardness on Speci- 
mens Made from Heat No. 9 After Aging at In- 
dicated Temperatures. All Specimens Were Held at 
Temperature for 8 Hours. 


meters of quiescent ferric chloride solution contained in beakers o! 
200 cubic centimeters capacity. As an absolute quantitative test for 
susceptibility to pitting, the beaker method of testing is admittedly 
not as reliable as the highly perfected jacketed U-tube test of H. 4 
Smith ;? but for comparative studies, despite some of its alleged draw 
backs, the test is capable of yielding fairly accurate and reproducible 
results. Fig. 16 is illustrative of appearance of ferric chloride pits 
They are bottle-neck in shape, and they pierce their way through the 
metal with an undercutting action that damages the surface but 
slightly. 





i ‘ . : a . ms 1938 
THoward A. Smith, “Pit Corrosion of Stainless Steel,”” Metat Procress, June ! : 


p. 597. ‘ Titan; 
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dline In the following tabluation are presented the results obtained 


with the beaker method of testing. The weight losses and number of 





\ the large pits are given for two test periods, one of 4 hours and the other 
nerg- : of 6 hours duration. 
enti- 
Weight Losses No. of Large Pits 
Speci- Initial Surface After After After After 
men Weight Area 4 hrs. 6 hrs. 4 hrs. 6 hrs. 
Number Grams Sq. Cms. Mgs. Mgs. 
l 75.6028 22.05 59.6 100.1 106 188 
9 58.0521 18.68 154.0 198.6 92 154 
10 64.3626 19.48 73.0 103.0 19 33 
A few points of interest in the above table should be especially 
noted. 
kers of 
test for 
mittedly 
f H.A 
d draw- 
oducible 
ide pits 
ugh the 


face but 





Tit ' Corrosion Resisting Steel, Treated with Double Additions of Aluminum and 
‘iter 1000 Hours in 4 Per Cent Sea Salt Spray. 
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1. The order of decreasing resistance to pitting of the three 
compositions tested is, 10, 9, 1. 


2. High aluminum-titanium Heat 9 suffered the heaviest gen- 
eral overall attack. This is probably traceable to the high titanium 
content.’ 


3. Pits enlarge in size with time of immersion in the corroding 


iT 
ti 


| | 
i 


. hak; ier ae Se it iS -~ Se Riritose. pile tae ee, 


Fig. 14—Appearance of Specimens After 11 Months Exposure to Corrosion in a Wet 
and Dry Box. Natural Size. 


solution. The size of the pits in the last column is larger than that 
of those in the 4-hour column. 


4. Summarizing the experimental data presented in the table, 
it is stated that aluminum tends to stabilize the surface of corrosion 
resisting steel against localized attack in ferric chloride solutions. 


SUMMARY 


A summary of the more important results of this work follows: 


1. Using the equipment, materials, and methods described, the 
manufacture of corrosion resisting steel under an Al,O,-CaO slag 
results in the incorporation of some incidental aluminum in the 
metal, the amount seldom exceeding 0.15 per cent. 
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hree 2. The above initial incidental pick-up of aluminum is fre- 
quently reduced from 0.15 per cent to a final average value of 0.10 


man per cent when the rutile-aluminum addition has been made. 
gen- 


nium 


ding 


Fa “ 
3s 


a TRE ot 







Fig. 15—Showing the Appearance of Specimens from Heats 1 and 9 After Having 
Seen Scaled at 1950 Degrees Fahr., and Descaled in 50:50 HCl, Five Times. Center 
Specimen and Specimen 9 are Cast; the Other Specimen is Forged. Natural Size. 





















3. Incidental aluminum affects advantageously both the me- 
chanical and corrosion resisting properties of 20-10 chromium-nickel 
alloys. 

4. Deliberate additions of aluminum, when made in amounts 
ranging from 0.20 to 3.25 per cent, exert the following effect upon 
the mechanical properties : 





in a Wet 


an that 


e table, 
yrrosion 
ylutions. 


follows: 


ss Fig. 16—One-inch Spheres, Showing Pits After 6 Hours Exposure to 10 Per Cent 
ferric Chloride Solution. 


bed, the 
‘aO slag 

in the (a) Tensile strength, proof stress, and hardness are increased 
cont 


unuously up to approximately 3.25 per cent aluminum, while the 
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ductility is affected adversely—dropping off gradually up to about 
1.75 per cent aluminum, and very rapidly from 1.75 to 3.25 per cent 
aluminum. 

(b) High additions of aluminum (over 1.00 per cent) impair 
seriously the Izod impact strength of the metal. 

(c) Excellent combinations of useful strength, toughness, and 
endurance limit are secured with 1.25 to 1.50 per cent aluminum. 

(d) The strength-weight ratio, based on proof stress (0.0002 
inch set in 2 inches), is raised from 3.9 for incidental aluminum- 
bearing Heat 1 to 6.5 for 1.76 per cent aluminum Heat 10. This 
ratio for Heat 10 is raised still higher, to 7.3, when it is age-hard- 
ened. 

5. Some of the foregoing effects of aluminum upon mechanical 
properties are directly traceable to its ferrite-forming as well as its 
grain-refining tendencies. 

6. The influence of aluminum on the resistance of the metal t 
attack by various corrodents may be summarized as follows: 

(a) Resistance to corrosion in 4 per cent sea salt fog and in 
weak brine solutions is believed to be equal to that of straight 20-10 
corrosion resisting steel. 

(b) While aluminum does not decrease resistance to corrosion 
in sea salt spray, it does lower the resistance of the metal to attack 
by nitric acid. 

(c) The addition of aluminum creates a particular resistance to 
ferric chloride pitting solutions. 

7. Heat 9, containing 1.24 per cent aluminum, is age-harden- 
able ; the critical age-hardening temperature appears to be 950 degrees 
Fahr. (510 degrees Cent.). 
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DISCUSSION 
Written Discussion: By C. E. Sims, research metallurgist, Battelle 
Memorial Institute, Columbus, Ohio. 


Mr. Duma has obviously attained his first objective, which was to evaluate 
° ° ° e ° ° { 
the effect of incidental aluminum contents on a 20-10 corrosion resisting steé 
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and has shown that such small quantities of aluminum are beneficial to both 
the mechanical and chemical properties of the steel. 

In these steels it is apparent that aluminum has stepped out of its common 
role as a deoxidizer for steel, and the effects noted are almost wholly those of 
an alloying agent. This is exemplified in the effect on grain size. We have 
hecome accustomed to thinking of aluminum refining the grain of steels because 
of an effect of certain products of deoxidation. The grain refining action in 
the present case, however, seems to be due to the persistence of ferrite which 
acts as an effective barrier to austenitic grain growth. The higher the alu- 
minum content the more ferrite there is and the finer is the grain size. 

The action of aluminum in shifting the position of the gamma loop and 
causing the retention of ferrite is not unexpected because aluminum alone can 
completely damp out the gamma loop. As Mr. Duma pointed out, the effect of 
aluminum on the physical properties is probably largely due to the presence of 
the ferrite. 

With this in mind it seems that it would be very interesting to find the 
effect of the aluminum under conditions where complete conversion to austenite 
could be obtained. Possibly a higher temperature would do this. The curve 
for Heat No. 9 in Fig. 11 indicates that some limit was reached at 2200 degrees 
Fahr. I would like to inquire whether a micro-examination was made of those 
specimens heated to higher temperatures ¢ 

Another method would be to increase the nickel content or decrease the 
chromium content to allow for the effect of the aluminum. Does the author 
have any opinions on the probable effect of such adjustments? It seems that 
the possibilities of improvement with aluminum, already demonstrated, war- 
rant further investigation. 

Written Discussion: By H. W. Maack, chief chemist and metallurgist, 
Crane Co., Chicago. 

irst, 1 want to compliment the author on the thoroughness with which he 
has investigated the effects of aluminum on corrosion resisting steel of the 
20 per cent chromium-10 per cent nickel type composition having a small con- 
tent of titanium. His tests seem to cover all the various properties which 
might be influenced by aluminum. 

With reference to melting practice, we are rather surprised that the prac- 
tice outlined results in sound stainless steel castings, free from gas holes. We 
wonder if Mr. Duma attributes sound castings to the use of a AlsO;:-CaO slag 
which leaves a small content of aluminum in the steel. In our opinion the 
loss by oxidation of silicon, manganese and chromium is surprisingly low. 
| We wonder about the advantage of approximately % per cent of titanium 
in steel with carbon content of approximately 0.12 per cent. This is a very 
low content considering the recommended ratio of titanium to carbon content. 
| With reference to castability, the effects attributed to aluminum are very 
interesting. In many cases aluminum seems to make molten metal more viscous 


to pou lhe absence of cutting action by aluminum containing steel is to be 
expe 

{ the photomicrographs shown in the paper contain numerous black 
“pots; those illustrating Heats 10 and 11 are especially densely peppered. The 
Nature 


the constituent responsible for these spots is not evident. Are they 
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holes left by inclusions which have been disloged during polishing, aluminum 
oxide inclusions, or titanium carbide compound which has not been resolved a: 
the magnification used? It seems that this constituent might exert considerable 
influence on the impact value, if not the corrosion resistance of the steel. 

Written Discussion: By H. A. Smith, metallurgist, Republic Steel Corp, 
Massillon, Ohio. 

It is indeed a pleasure to comment on this very interesting work. 

In connection with the aging work, I should like to inquire as to whether 
any corrosion tests have yet been made on aged alloys and, if so, how the cor 
rosion results compared with results on similar steels unaged. Further, with 
relation to the usefulness of cast aging alloys, it would be interesting to know 
whether or not the lower aging temperatures had any tendency to precipitate 
carbides in Heat 10 not containing titanium but containing 1.76 per cent alu- 
minum and 0.10 per cent carbon. 

Referring to the oxidation test, it is inferred that the high loss is attributed 
to the attack of the metal by the pickling solution (50 per cent HCl at 170 
degrees Fahr.) Can it, then, be said that the resistance to attack under this 
acid condition is less for alloys containing aluminum than for similar alloys 
not containing aluminum? 

Mr. Duma seems to be justified in stating that too much aluminum in 20-10 
chromium-nickel alloys tends to lower corrosion resistance in nitric acid. Our 
experience, however, on wrought alloys not containing aluminum or titanium 
indicates definitely that silicon above about 0.90 per cent lowers resistance t 
boiling nitric acid and that, in general, the loss is proportional to silicon con 
tent. Further—that the absence or presence of delta iron is not a factor in 
increasing corrosive attack in nitric acid on wrought alloys not containing alu- 
minum or titanium. Further than this—we are not in a position to commen! 
on the possible causes for the high losses of Heat 10 in nitric acid. 

Commenting on the pit susceptibility tests, we feel that paragraph four 
(4) under the author’s remarks, wherein he states that aluminum tends t 
stabilize the surface of the alloy, would have been much stronger if a heat had 
been tested for comparison that contained neither titanium nor aluminum 
Limited experience on our part does not definitely indicate that aluminum 
stabilizes the surface of austenitic chromium-nickel alloys in ferric chloride 
solutions. 

We were a little surprised to note that in the type of pit susceptibility test 
used by the author, there is a general overall attack. In our test with wrought 
18-8 low carbon heats containing about 0.50 per cent titanium, no overall attack 
has been found to occur in ferric chloride of the composition used by the author 

It is noticeable that, for each steel, there are more large pits after a ° 
hour than after a 4-hour immersion. I take the figures for the 4-hour 
period to be the number of large pits equal to or greater than a fixed criterion 
of size and that after six hours some of the smaller pits existing at a 4-how' 
period had increased in size in two more hours to the status of large pits- 
while the large pits at the 4-hour period are now larger. We have found, 
in the circulating pool method of testing, that all of the pits that will ever 
form have already done so at the end of, at most, a half hour but that various 
pits continue to increase in size with time and that the above situation, assumed 
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for the quiescent immersion of balls, might very well exist. On the other 
hand—the quiescent immersion might easily give rise to the formation of sec- 
ondary pits initiated by corrosion products oozing from pits formed earlier. 
| would appreciate the author’s comments on this matter. 

As far as the data presented may allow, can we not say—tentatively— 
from the results of the salt spray, alternate immersion and ferric chloride pit 
test that titanium additions render these alloys somewhat more susceptible to 
attack in chloride solutions and that the addition of aluminum may act to 
minimize the detrimental effects of titanium? 

In a spirit of constructive criticism, | am sure the author will allow me to 
remark that if a heat had been included containing neither titanium nor alu- 
minum—a number of questions concerning aging, physical properties and cor- 
rosion resistance could have been more completely answered. 


Author’s Reply 


The author appreciates the comments submitted by Messrs. Sims, Maack, 
and Smith, and will endeavor to answer the questions which they have asked. 
Mr. Sims’ discussion is both interesting and instructive. The author 
regrets that he cannot answer his query regarding the effect of aluminum under 
conditions where complete conversion to austenite is obtained. Since the writ- 
ing of this paper, a 75-pound pot of metal was made and poured into test bars. 


lhe charge consisted of 


68.0 pounds 20-10 CRS scrap 
5.5 pounds Electrolytic nickel 
1.5 pounds Aluminum 


\iter a 2000 degrees Fahr. water quenching treatment the following average 
physical properties and microstructure was obtained: 


; eS Y.P. (Dividers ) long. R.A. 


Microstructure 
78,000 psi 41,500 psi 32.0% 28.0% 


Austenitic 


In connection with the above, it is pointed out that the heat was a crucible 
and not an electric one, that the flux and slag reactions differed considerably in 
each case, and that no chemical analysis was made to find how much of the 
aluminum had been incorporated into the metal. 

A micro-examination of specimens made from Heat No. 9, and heat treated 
to 2200 degrees Fahr., showed a duplex structure. Instead of etching rapidly, 
and with pronounced darkening of the ferrite, the specimens stubbornly re- 
sisted etching and no darkening of the ferrite was observed. The specimens 
reacted strongly to a magnet. 

_ With regard to the comments by Mr. Maack, it is stated that the produc- 
ion of sound, gas-free castings is attributable to the use of a rather limited 


am unt of slag, to the deoxidation capacity of aluminum, and finally to the 
pe ‘ice of thoroughly killing the heat with titanium via the rutile-aluminum 
addition 


before any alloying addition of aluminum is made. The metal is 
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very susceptible to gas hole formation when in contact with damp materials 
such as incompletely dried out ladles and molds. 

It is not necessary to use the recommended ratio of titanium to carbon in 
steels whose physical make-up is adequately stabilized with high amounts of 
chromium and nickel. The chief advantage derived from the use of titanium 
was the obtainment of denser, sounder, and more completely degasified metal. 

In regard to the particles in the microstructure of the higher aluminum 
steels, they are a titanium carbide compound standing in relief, and therefore 
out of the plane of focus used to photograph the structure. They do impair 
impact and ductility properties when they are found segregated in the grain 
boundaries of the material. Their effect upon the resistance of the steel to the 
action of salt spray is not deleterious. 

The discussion by Mr. Smith is most interesting. The only corrosion test 
which the author made on the aged alloys was boiling them for 72 consecutive 
hours in the following solution— 





CuSO,°5H:O0 3 x 
H:SO, (sp.gr. 1.84) 10 ml 
H,O (distilled) 87 ml 





and then bending them 150 degrees around a pin having a diameter 1% times 
the thickness of the specimen, with the following results: 





Heat Treatment Cold Condition of the Tension Side 

Heat Temp. Hold Bend 

No. Deg. Fahr. Minutes Degrees 

2 950 360 150 OK 

5 950 360 150 OK 

10 950 360 45 1 sharp crack; remainder of surface 

smooth. 

2 1250 15 150 OK 

5 1250 15 150 Slight disintegration. 

10 1250 15 30 Entire surface replete with numer 


ous cracks. 





With respect to the network type of cracking which is characteristic o! 
carbide precipitation, the 1250 degrees Fahr. treatment inflicted the severest 
damage on the high aluminum heats. With respect to the type of brittleness 
which manifests itself in a single cleavage plane, the 950 degrees Fahr. treat- 
ment was most damaging. 

Mr. Smith was surprised at the overall attack noted in the author's pit 
susceptibility test. The overall attack made itself manifest by lightly etching 
and thereby faintly bringing out the cast structure of the metal. Regarding 
the relation between the size, number of pits, and time of immersion in th 
pitting solution, this was found to be the same as that noted by Mr. Smith 
the circulating pool method of testing. Enlargement of pits was only noted. 
No new pits appeared even after 10 hours of exposure. 
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A NEW METHOD FOR THE RAPID DETERMINATION OF 
CARBON IN SAMPLES OF PLAIN CARBON 
OPEN-HEARTH STEEL 


By B. A. RoGers, KarL WENTZEL AND J. P. RioTt 
Abstract 


A new method has been developed for the determi- 
nation of the amount of carbon present in samples of 
plain carbon steel taken from the open-hearth furnace. 
This method depends upon the measurement of the co- 
ercive force of small ingots of killed metal poured from a 
sampling spoon. The magnetic measurements are made 
in a coercimeter which is a very simple device for deter- 
mining this particular magnetic property. In practice tt 
is sufficient to measure the coercive current and in this 
report the relationship between coercive current and car- 
bon content is shown by means of a graph. 


- HE need of those engaged in operating open-hearth steel fur- 
naces for a rapid method of determining the carbon content of 
samples taken from the molten metal has already resulted in the 
development of two non-chemical methods for this purpose. Of 
these, one involves the measurement of electrical resistance’ and the 
other* * depends primarily upon the magnetic permeability of the 
sample. It is the object of this paper to describe a third method, 
based on the determination of the coercive force of cast samples. 
For the present purpose, the coercive force of a piece of steel 
may be defined as the intensity of the magnetic field that must be 
applied in the direction opposite to that in which the specimen was 
originally magnetized to reduce the magnetic flux to zero. The 
measured value of coercive force depends upon whether the total 
flux due to both the specimen and the field of the demagnetizing coil 


. at of Mt by permission of the Director, United States Department of the Interior, 
ureau Of ines. 


- ‘C. Holthaus, Die Bestimmung des Kohlenstoffgehaltes im Stahl durch Messung des 
: ektrische Widerstandes: Ber. Fachausschiisse Ver. deut. Eisenhittenl., Chemikerausschuss, 
er, November 1922. 

a es ul Klinger and Herbert Fucke, Die magnetische Schnellbestimmung des Kohlenstoffs 
a ahl mit dem Karbometer von Malmberg: Archiv Eisenhiittenw., Vol. 3, November 


1929, Pp. 347-352. 

ee ert Soler, ““‘New Carbometer Controls Speed Production and Improves Quality,’ 
Proc rESS, Vol. 31, 1937, p. 159-162. 

i A paper presented before the Twentieth Annual Convention of the Society 

im in Detroit, October 17 to 21, 1938. The authors are associated with the 

crea irgical Division, United States Department of the Interior, Bureau of 


Manuscript received June 24, 1938. 
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or only that part contributed by the specimen is reduced to zero. In 
the present instance, the choice made is not important, for the differ- 
ence between the two values is negligibly small. 

The technical literature does not appear to contain any mention 
of an investigation of the relationship between coercive force and 
carbon content of cast steel. Several individuals* ** * have con- 
cerned themselves with such studies on fabricated rods and have 
presented data showing a correlation between these properties, but 
in each case the number of samples was small, and furthermore, the 











results obtained by different investigators do not show a satisfactory 
agreement. Probably many individuals engaged in studying magnetic 






materials consider the connection between coercive force and carbon 






content to be of a qualitative nature only. 








SoME FEATURES OF THE TESTING APPARATUS 





A number of devices are available for determining the coerciv 
force of bar samples. Of these, the coercimeter was selected as being 






the most suitable for the problem on account of the simplicity of the 





apparatus and the ease of operating it. An apparatus that was 






essentially a coercimeter was used by Madame Curie® forty years 






‘7 
Ai, le 


ago, but the device was not put to much use until recently.*® *® 






Because previous accounts have described the instrument quite fully, 





a general discussion is unnecessary. However, it may be wort! 






while to point out a few special features of the model, which wa: 






finally developed after considerable experimentation. 






These features and the reasons for employing them can be most 


ae ae Py eg 






conveniently understood with the aid of the diagram exhibited 1 





Fig. 1. This figure is divided into two areas by the dotted line 






which passes through the symbol for the 12-volt storage battery. 











‘Mme. Curie, Sklodowska, “‘Propriétés Magnetiques des Aciers Trempes,” Bullet 
Société Encouragement Ind. Nat., Series 5, Vol. 3, 1898, p. 36-76. 
5E. Gumlich, *‘Magnetic Properties of Iron-Carbon and Iron-Silicon Alloys,’ Tran 
Faraday Soc., Vol. 8 1912, p. 98-114 






®Carl Benedicks, “Recherches physiques et pbysico-chimiques sur l’acier 
Upsala, Librairie de l'Université, 1904, p. 166. 

7E. D. Campbell and G. W. Whitney, “The Effect of Changes in Total on a! 
in the Condition of Carbides on the Specific Resistance and on some Magnetic Propet 
of Steel,” Journal, Iron and Steel Institute, Vol. 110, 1924, p. 291-311. 

8Mme. Curie, Sklodowska, work cited (footnote 4). 

®*Hans Neumann, Das Koerzimeter: Archiv Tech. Messen, Vol. 4, 1935, 4 

wC. W. Davis and Max Hartenheim, “A Simple Method for the Determ: 
Magnetization-Coercive Force, Rev. Sci. Inst., Vol. 7. 1936, p. 147-149. i 

uR. S. Dean and Charles Y. Clayton, “The Mechanism of Steel Hardening = 
Tempering as Indicated by Coercive Force Measurements,”” Transactions, American + 
ciety for Metals, Vol. 26, 1938. p. 237-252. 

2C. R. Austin and R. S. Norris, “Effect of Tempering Quenched Hypereutectoi 
on the Physical Properties and Microstructure,” Transactions, American 5 
Metals, Vol. 26, 1938, p. 789. 
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The lower of these areas shows the electromagnet used for magnetiz- 
ing the specimen in preparation for measuring its coercive force. 
The coercimeter in which the measurements are made is represented 
schematically in the upper area. 








Fig. 1—Circuit Diagram of the Portable 
Coercimeter Test Set. 


b—galvanometer p—primary windings 
ammeter of coercimeter 
g—switch for  dou- q—specimen 
bling range of co- s—secondary winding 
ercimeter of coercimeter 
h—switch for closing e—electromagnet for 
secondary circuit magnetizing speci- 
switch for apply men 
ing power to pri k—circuit breaker 


mary circuit 


With respect to the lower area, two features are of interest: 
irst, one pole piece of the electromagnet “‘e” is provided with a mov- 
able core, which is forced out into the gap under the action of a 
spring. This arrangement holds the specimen in place and assures 
satisfactory magnetic contact for samples of slightly different length. 
Second, the circuit breaker “k” guarantees that the magnetizing cur- 
rent is interrupted at approximately the same speed in all cases, 
a characteristic for which the desirability will appear shortly. The 
sample may be removed from the magnet either while the current is 
still flowing or after breaking the circuit. The former procedure 
(uires considerable physical effort, chiefly’ because the magnetic 
orce holds the movable core very tightly against the sample. 


; 
if 


+ 
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It has been known for some time that the rate of decrease of the 
magnetizing field affects the final state of magnetization of the sam- 
ple.** Neumann*™* mentions certain procedures which take this fact 
into consideration. Our own experiments demonstrated that if the 
operator always jerked the specimen out of the gap with all the force 
possible, the state of magnetization could be readily duplicated in 
successive trials. (This method was used in making the measure- 
ments from which Fig. 3 was plotted). However, two individuals of 
different muscular power do not produce similar states of magnetiza- 
tion in the sample, and for this reason it was decided to adopt the 
practice of cutting off the current before removing the sample from 
the electromagnet. To insure that the magnetic field decreased at the 
same rate in all cases, the circuit breaker was incorporated into the 
circuit so that by tripping it the same type of current interruption 
would always occur. It should be added that with either procedur: 
the magnetic field was reversed several times during the magnetiza 
tion process by means of a reversing switch not shown in the diagram. 

The essential elements of the coercimeter pictured in the upper 
‘p” and the secondary coil “s”. When 


area are the primary winding 
‘p’, a magnetic field is built up which tends 


current is passed through 
to demagnetize the specimen ‘‘q”. The secondary coil can be dis- 
placed axially from a position where its geometric center coincides 
with that of the specimen to a point beyond the influence of the 
latter. When such a motion is made, the galvanometer to which this 
coil is connected will register a deflection unless the demagnetizing 
field has been increased to a value just sufficient to produce zero mag- 
netization of the specimen; that is, to a value equal to the coercive 
force. 

In the particular model being described, the switch “h’’, which 
is used to close the galvanometer circuit when a reading is being 
taken, is mounted on the handle by which the coil is moved. This 
arrangement permits opening or closing the secondary circuit at will 
and at the same time leaves one hand free to adjust the rheostats 
which control the demagnetizing current. The primary winding 1 
composed of two layers, so connected that by operating switch “g’ 
either the inner one alone or both of them can be thrown into the 
circuit. By the use of a double winding the instrument is not re 


3A. von Waltenhofen, “Ueber den magnetischen Riickstand im Eisen,” Ann. Phy 
Chem., Vol. 120, 1863, p. 650-653. 
%Hans Neumann, work cited (footnote 9) 
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quired to carry such heavy current when samples with a high coercive 
force are being measured, and rheostats of smaller range may be used. 


LABORATORY INVESTIGATION 


The investigation of the relationship between coercive force and 
carbon content included experiments both in the Bureau of Mines 
laboratories and in steel plants. The earliest experiments were con- 
ducted at the Homestead plant of the Carnegie-Illinois Steel Corpora- 
tion under arrangements made through the courtesy of M. W. Light- 
ner, chief metallurgist of this plant. In spite of the fact that every 
facility was made available by the personnel of this plant, we were 
unable to obtain consistent results. It was therefore decided to re- 
turn the apparatus to our own laboratory for further study of the 
technique of taking and testing samples. The procedure developed 
and the results obtained in these laboratory studies will now be 
described. 


Experimental Procedure 


In outline, the process of taking and testing samples is simple: 
A spoonful of the metal is killed with a considerable quantity of 
aluminum rod and poured into a split mold especially constructed 
tor the purpose. As soon as the top has solidified, the mold is opened 
and the little ingot allowed to drop into the cooling medium. A 
specimen of the desired length is then cut or broken from the bottom 
of the ingot, magnetized, and placed in the coercimeter for testing. 
Actually, a certain amount of experimentation was involved before 
a satisfactory technique was attained. 

The melting operation was carried out with a high-frequency 
turnace, using magnesia crucibles with a capacity of 12 to 15 pounds 
of molten steel. Although it was believed that moderate amounts of 
alloying elements would be unlikely to affect the magnetic data, the 
precaution was taken of using Armco ingot iron as melting stock and 
adding pieces of Acheson graphite electrode to bring the carbon to the 
desired percentage. Since to pour the metal directly from the fur- 
nace into the mold would not have allowed opportunity for the addi- 
“ion of aluminum, and the method of dipping a small spoon into the 
cruc it les was impractical because of the mechanical conditions, the 


practice 


© was adopted of pouring the metal first into a spoon and 
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filling the mold from this. Excessive cooling of the approximate) 
2 pounds of metal during transfer from the crucible to the mold was 
avoided by having the bowl of the spoon, which was kept coated with 


Fig. 2—The Mounting for the Molds 


a layer of alundum cement, preheated to about 1000 degrees Cent 
(1830 degrees Fahr.) in a gas-fired furnace. The aluminum was 
added in the form of %4-inch diameter rod. To insure the addition 
of the desired amount of this element into the steel, a section of the 
proper length was attached to the end of a soft iron wire so that it 
could be thrust under the surface of the molten metal. 

During the laboratory studies it was found advisable to changt 
the mechanism for holding the two halves of the mold together to 
eliminate occasional trouble in stripping the ingots promptly. A sim 
ple mounting was constructed such that by turning a handle the mold 
was inverted and the two halves separated, allowing the sample, ° 
inches in length by 5% inch in diameter, to fall out. Fig. 2 shows the 
apparatus used in the plant studies and illustrates a mounting of this 
type. A quenching device was made in which water flowed upward 
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through a rather large funnel mounted within a containing vessel. 
When the samples fell from the mold into this funnel, they slid down 
to the center and were cooled by the upcoming current of water. 
The temperature of the water as it came from the mains was fairly 
uniform over the period of the investigation. Because the variation 
which may be produced by differences in the temperature of the 
water was not fully appreciated at the time, accurate records were 
not kept but the temperature probably did not vary much from 13 
degrees Cent. 

In the beginning of the investigation, magnetic measurements 
were conducted upon two different lengths of samples. One type was 
about 3 inches long and the other, 134 inches. Both lengths of speci- 
mens were cut from the bottom portion of the ingot, the shorter 
being cut from the bottom of the longer after it had been tested. 
Cutting was done with a thin disk impregnated with silicon carbide 
particles. Freedom from annealing effects during the cutting opera- 
tion was assured by having the sample clamped under water. Meas- 
urements on the long specimens were abandoned before completing 
the investigation because the correlation obtained with them was less 
satisfactory than was found for the short ones. Since the long 
specimens could not be inserted in the gap of the electromagnet, they 
had to be magnetized in the coercimeter itself. With this arrange- 
ment a field intensity of 550 oersteds was the maximum obtainable 
whereas the short specimens could be subjected to a field strength of 
3000 oersteds. Apparently, the test pieces must be magnetized prac- 
tically to saturation if good results are to be obtained, and this condi- 
tion is probably not reached at the lower field strength. The electro- 
magnet used for the short specimens was designed for operation on a 
110-volt d.c. circuit. It was capable of producing a field of 7000 
oersteds in its 13¢-inch gap, but less than half this strength was re- 
quired to produce practical saturation of the samples. 

Drillings for carbon analysis were taken either from the short 
specimen actually tested or from the part that had been immediately 
adjacent to it. The analyses were conducted by the method of com- 
bustion in oxygen. A standard sample of the type supplied by the 
National Bureau of Standards was used at frequent intervals to check 
the accuracy of the apparatus. 


Results 


\ll of the data taken upon the short samples are condensed in 
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Fig. 3, which shows the dependence of coercive force upon carbon 
content for the four heats made after a satisfactory scheme of 
handling the samples had been developed. Of the 28 samples taken 
during these four heats, 27 are represented on the graph. The re- 
maining one, from heat N, was discarded because it stuck in the 
mold, an event that was known from previous experiments to cause 
the coercive force to decrease. Upon the whole, the correlation js 
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Fig. 3—Coercive Force-Carbon Content Curve for Steel Samples Cast 
in the Laboratory. 







satisfactory. Most of the points are within 0.01 per cent, and only 
two of them lie farther than 0.02 per cent carbon from the curve 
It is of interest to note also that some of the points represent samples 
to which were added % inch of aluminum rod rather than the cus 
tomary 2 inches. Apparently, the percentage of aluminum to be 
added is not very critical, provided that the sample is completel) 
killed. 
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THE PLANT INVESTIGATION 







The satisfactory results that had been attained warranted the 
acceptance of an invitation to try the equipment at the Steubenville 
(Ohio) plant of the Wheeling Steel Corporation. As this plant pr 
duces, principally, low carbon steel containing relatively low pe 
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centages of alloying elements, it offered favorable conditions for the 
trial of such a method of determining carbon. 


The Experimental Procedure 


Before beginning work in this plant, the previously described 
portable coercimeter test set and electromagnet were constructed. 
A few check tests between this equipment and the laboratory ap- 
paratus revealed a difference amounting to several per cent in the 
values of coercive force obtained. However, this disagreement be- 
tween the two test sets was not deemed important because the success 
of the method depends on the consistency of a given apparatus rather 
than the determination of the exact value of coercive force. 

A number of changes were made in the sampling equipment also. 
The period of time necessary to cut off the lower portion of the 
ingot with the abrasive wheel was undesirably long, and furthermore 
the apparatus was not easily portable. The mold was therefore pro- 
vided with a constriction so placed that the resulting groove in the 
ingot would be correctly located for breaking off the specimen. This 
is the mold pictured in Fig. 2. A satisfactory device for holding the 
ingot for breaking was made by drilling a suitable hole in a solid 
block of steel. When the ingot was thrust into this hole until the 
groove was flush with the side of the block, a sharp blow with a 
heavy hammer sufficed to break off the unused portion. To avoid 
scarring the polefaces of the magnet, the roughness of the fractured 
end of the specimen was smoothed off a little on a grinding wheel. 
Portable quenching apparatus was provided by the pail and wire- 
gauze container pictured in Fig. 2. As soon as the ingot fell into 
the gauze vessel, the latter was moved about vigorously in the pail 
to bring cool water in contact with the hot metal. No special equip- 
ment was required to take the sample of metal from the furnace since 
the ordinary sampling spoon was quite suitable. The spoon was 
coated with slag in the usual way before dipping it into the bath. 
When the sample was obtained the spoon was rested on the floor for a 
moment while the slag usually present was pushed aside with an iron 
a d and a 2-inch length of aluminum rod was thrust into the metal. 
Atter a few seconds had been allowed for the aluminum to diffuse 


through the steel, the metal was poured into the mold until a small 


head or button appeared in the funnel portion. 


| Ts : > . . ° ° ° 
pon beginning work with the equipment just described, diffi- 
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March 


culty was encountered in getting consistent results, particularly in the 
lower carbon range. Various schemes, such as holding the ingots for 
a definite period on an asbestos board before dropping them into the 
quenching water and the employment of a soap solution for quench- 
ing purposes were tried without success. Because of the failure of 
these various devices to improve the situation and also because ther 
was some inclination of the samples to stick in the mold, it was 
decided to substitute the smooth mold that had been employed in th: 
laboratory investigation. As some of the results appeared more 
promising after this change, a device was constructed for grooving 
the ingots so that the specimens could be knocked off in the same 
manner as when the constricted mold was used. The substitution o! 
a thin cutting disk for the grinding wheel of a small bench grinder 
gave a very satisfactory apparatus for this purpose. By using ; 
simple guide, no trouble was experienced in cutting a groove of the 
required depth in 15 to 60 seconds, depending on the percentage oi 
carbon in the ingot. Furthermore, it was found that less smoothing 
was required than for the ingots with the cast-in groove. Under 
these circumstances, although it was believed that a constricted mold 
could be made to give satisfactory results, there was little inclinatio 
to return to this type. 

The next progressive step was to control the temperature of the 
water more closely. A temperature of 21 degrees Cent. was selected 
as fairly satisfactory for year-round operation. Water colder thar 
this can easily be warmed with a piece of hot metal and wheneve! 
the water in the mains exceeds this temperature a refrigerated supp) 
is generally available. When taking more than one sample at a time, 
it was found convenient to have three pails of water handy so that 
additions of warmer or cooler water could be made. The adjustment 
of water temperature usually required about a minute. The temper 
ture of the mold was not maintained at a particular value. It was 
generally too warm to permit continuous contact with the hand an 
not hot enough to produce a sizzling effect when water was throw! 
upon it. 

The use of the smooth mold and controlled water temperature 
appeared to give satisfactory results when the ingots were dropped 
into the water immediately after solidification. This method wa‘ 
therefore followed to obtain samples from a number of heats of stee 
Further experience with the method of taking and testing sample: 
described in the previous paragraphs demonstrated its suitability with 
















































the 


tersi 
slop 
dray 
mig] 
Cury 
lines 
tain 
natu 
plan 
Cont 


by | ) 








March 


in the 
ots for 
ato the 
uench- 
lure of 
e there 
it was 
lL in the 
1 more 
r¢ oOving 
ie same 
ition of 
grinder 
using ; 
e of the 
itage ot 
100thing 

Under 
ed mold 
clinatior 


re of the 
- selected 
der tha 
vhenevet 
‘d suppl 
it a time, 
y so that 
ljustment 
tempera 

It was 
hand an¢ 
is throw! 


mperature 
> dropped 
tthod was 
s of steel 
g samples 
vility with 





1939 RAPID DETERMINATION OF CARBON 185 


respect to speed of operation. The total interval between pouring the 
sample and completing the test need not exceed five minutes. Fur- 
thermore, the apparatus is not expensive to make and does not appear 
to be sensitive to vibration. Probably a simpler arrangement for 
clamping the mold shut could be used with equally satisfactory results. 


Results 


During the plant investigation, determinations of coercive cur- 
rent and carbon content were made on samples from sixteen heats 
of open-hearth steel. To analyze these data, the values of coercive 
current (current required to demagnetize the specimen), which serve 
the purpose quite as well as the figures for coercive force, were plotted 
against the corresponding percentage of carbon. An inspection of the 
finished graph, which is not exhibited because of the confusion that 
would arise from reducing such a chart to appropriate size, revealed 
that a satisfactory correlation existed. To illustrate the results, Fig. 
+ has been prepared from the data for five representative heats. In 
this figure, the separate points are readily distinguishable, and the 
position of the mean curve is the same as if all the points had been 
included. 

The mean curve consists mainly of two straight lines which in- 
tersect at 0.23 per cent carbon. It is not certain that the change of 
slope in this locality is as abrupt as has been indicated, but the line 
drawn appears to represent the conditions as accurately as any which 
might be used. Furthermore, examination of Fig. 3 shows that the 
curve pictured there might readily have been drawn as two straight 
lines intersecting in the same vicinity. The number of points ob- 
tained in the laboratory studies was not sufficient to establish the 
nature of the curve with certainty, but the numerous data of the 
plant investigation indicate a very sudden change at about the carbon 
content indicated. It is interesting that samples which are represented 
by points above this break experience a noticeable decrease in coercive 
current within an hour after being cast, whereas specimens corre- 
sponding to points on the steeper portions of the curve do not exhibit 


¢ al eae ° 

an observable change in several hours. The number of measurements 
7 — . ‘ A 

nade was not sufficient to locate the exact point at which the aging 

beh: 


vior altered. but the change occurs somewhere in the vicinity of 
er cent carbon. 
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ne fact that the graph presented in Fig. 4 refers only to samples 
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quenched directly in water at 21 degrees Cent. should be emphasized, 
The range of temperature through which the water may vary without 
affecting the readings of coercive current has not been definitely fixed, 
Apparently samples which have been quenched in water at 30 degrees 
Cent. give about the same results as if the colder temperature had 
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Fig. 4—Coercive Current-Carbon Content Curve for Sample of 
Open-Hearth Steel. 

been used; on the other hand, there is some indication that with a 
water temperature of 15 degrees Cent., slightly higher readings will 
be obtained for the same amount of carbon. 

Occasionally, samples show readings of coercive current which 
do not agree with the carbon content as obtained by chemical analysis. 


There are several causes for these discrepancies. First, the ingot ma) 
not drop out immediately when the mold is opened. Specimens 
broken from such ingots will indicate too low a carbon content 
Fortunately, trouble of this kind occurs infrequently and is evident 
at once. A second, and in these experiments fairly frequent, source 
of disagreement arises from heterogeneity of the specimen with 
respect to carbon content with consequent difficulty in calculating the 


r 


correct average. Samples taken soon after the addition of ore o 
pig iron constitute the bulk of such cases. It was, of course, alt 
ticipated that metal taken after such additions would not be repre 
sentative of the bath, but this fact in itself was not considered a dis- 
advantage in establishing. a relationship between coercive current 
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and carbon content. However, the opposite ends of some samples 
showed differences of 0.02 or 0.03 per cent, and a variation of more 
than 0.05 per cent carbon was observed in more than one instance. 
Third, specimens which have cavities are likely to give readings 
which correspond to more carbon than is actually present. Failure 
to kill the metal properly is one cause for such cavities. In a few 
cases, the use of 4 inches of aluminum rod appeared advisable. In- 
clusions of slag were occasionally present, the material having slipped 
in during the pouring of the ingot. A fourth cause for incorrect 
readings is mushiness of the metal when poured. This condition, 
which occurs frequently when the temperature of the steel bath is 
low, causes the readings to indicate too much carbon. No influence 
on the results appears to be exerted by copper up to about 0.30 per 
cent, the maximum tried, or by moderate amounts of manganese. 
The four reasons enumerated account for all but about a half dozen 
of the discrepancies noted during the plant investigation. Errors in 
reading the ammeter, difficulty in sampling caused by carbon segrega- 
tion, and failure to note mushiness are the most likely causes of in- 
correct values. 
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DISCUSSION 


Written Discussion: By Gilbert Soler, manager of research, Steel & 


Jivision, Timken Roller Bearing Co., Canton, Ohio. 
Hy 


Tub 


method or equipment to be used for steel making control by open- 
perators must be simple and accurate in operation, require very little 
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maintenance, and must be economical. The method of determining carbon 
content of steel by measurement of coercive force appears to combine all of 
these essentials and the authors are to be commended for making a valuable 
contribution to the steel industry. 

The present carbometer fulfills the requirements stated with the exception 
that the initial investment is high. 

In comparing the method described by the authors based on measurement 
of coercive force of steel samples with the carbometer method which is based on 
the measurement of magnetic permeability the following points are considered: 

(1) Simplicity and Accuracy 

In both methods samples of molten metal are taken from the bat! 
in the usual manner and killed with aluminum wire. Care must be taken 
that the test bar is sound and homogenous as errors from this source will 
result for both methods. Control of the temperature of quenching wate: 
is probably more important with the method based on coercive force 
measurements; and the cutting of the specimen from the cast test bar is 
an added operation. 

Taking of actual readings on the two instruments appears to requir 
equivalent skill and time. 

The instrument is not sensitive to vibration which is of some ad 
vantage over the carbometer which must be protected from vibration and 
wide temperature variations. 

The accuracy of the two methods appears to be of about the same 
order. 

(2) Cost 

The authors have stated that the apparatus is not expensive to mal 
and this should be an outstanding feature as the carbometer has a hig 
initial cost. This feature should extend the availability of rapid carb 
analysis equipment to operators who have hitherto been unable to aff 
such equipment. 

The writer would like to ask the authors if they feel that with furthe: 
research this method can be employed for measuring carbon content of all 
steels with suitable corrections being made for residual alloys. 

Written Discussion: By H. J. Sweeney, assistant superintendent, Ope! 
Hearth Department, Republic Steel Corp., Youngstown, Ohio. 


Dr. Rogers and his associates have advanced what appears to be an exce| 
tionally useful piece of equipment for future open-hearth work. Providing t 
measurement of carbon by this method proves practical, the cost would ap} 


to allow for the installation of a set of equipment for, say, each two tur 
The continual knowledge of the carbon content of the bath, resulting 
availability of this equipment close to the furnace, would materiall) 
the furnaceman’s control over the bath and help tonnage output. At 
rapid carbon determinations are available only from expensive mac! 
must of necessity be protected by installing in a secure location that 
always as convenient to the furnace as is desired. 

Several doubtful features of Dr. Rogers’ equipment must be det 
by actual use on the open-hearth floor. For instance, to be of gene! 
must not be too sensitive to residual alloy contents in the bath. Again 
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tical open-hearth work, the temperature of the water for chilling the test speci- 
men could probably not be controlled as closely as Dr. Rogers has done in his 
experimental work. 

As previously stated, the above practical problems can only be answered 
by actual practice in the plant and the possibilities apparently indicated by car- 
bon determination with this method would lead to the conclusion that it should 
be immediately tried in regular practice by open-hearth operators. 








Oral Discussion 










E. G. Hu:” 
sil carbon contents ? 


I would like to know if the author quenches the same for 

B. A. Rogers: We quench them about eight or ten seconds after pouring, 

hortly after the ingot has been solidified. The data which were taken were 

taken without spilling the cone and all carbon content is taken in identically 
> same way. 


A. V. pe Forest: Any magnetic method is always a good one and I 












much hope that this matter can keep on developing to a really practical 
mclusion. There is one particular hitch that has been mentioned a number of 
times here, and that is the effect of residual alloys. It has been a universal 
iit of magnetic measurements that they run more nearly parallel with hard- 
whatever that is, than they do with almost any other mechanical measure- 
t and I would very much suspect that in this case the results will correlate 
nicely with the hardness of the specimen; and in that connection I would 
eg to inquire if it might not be possible to eliminate the variable quench by 


x cooling of the specimen and then reheating it in an induction furnace 










»a known temperature and then performing the quench. I have a feeling 
he quenching operation is one of the least controlled parts of the whole 
The magnetic measurement can be controlled to any degree of 


that anybody needs. One element can replace another and as hardness 


2 fixed ratio to a carbon content unless the alloy content is pretty well 






we would suspect there would be the same relationship in the coercive 


Rocers: What is the effect of an alloy and will the instrument work 





steels that do contain alloy elements? The only answer which we can make 
resent time is that we think we can. We have not had the opportunity 


estigate it thoroughly. 







Authors’ Reply 





uench all samples about 8 or 10 seconds after pouring; that is, just 
top of the ingot has solidified. We have taken samples from which 






netal in the cone was spilled but the data presented here were all taken on 
led test ingots. 

na : 

"\ ive not yet had an opportunity to try out the instrument on alloy 
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STRESS-CORROSION CRACKING IN AUSTENITIC 
STAINLESS STEELS 


By S. L. Hoyt anp M. A. SCHEIL 


Abstract 


This paper summarizes the results of a series of cor- 
rosion tests made on different types of austenitic stainless 
steels. The authors discuss the use of a new test which 
they have employed to determine the stress-cracking tend- 
encies of the austenitic stainless steels. The test combines 
heat treatments which may arise from the necessity of 
heating, forming and welding with stress which may be 
present in equipment fabricated from these alloys. 

Actual formation of open cracks in chemical equip- 
ment was studied and laboratory stress-corrosion tests 
made to duplicate the conditions of service bearing on the 
tendency towards cracking. Stress-corrosion cracking 1s 
shown to be intergranular in nature with the steel stressed 
and subjected to suitable corrosive conditions, although 
the susceptibility to intergranular attack is not always 
sufficient to produce cracking. 

This variable behavior is discussed and believed to 
be due to some quality or characteristic of the steel in the 
as-received condition. 

The authors failed to produce stress cracking im 
stabilized alloys or with properly quenched austenitic stain- 
less steels. 


INTRODUCTION 


l'AINLESS steels are applied extensively to the construction of 

equipment used in the chemical and allied industries. They are 
excellent materials for such applications, though inasmuch as this 
use has already been discussed in great detail in the technical litera- 
ture, that need not be emphasized here. The fabricator of this equip- 
ment is confronted with certain problems of his own and which also 
concern the performance of the equipment in service, which have 
A paper presented before the Twentieth Annual Convention of the Society 
held in Detroit, October 17 to 21, 1938. Of the authors, S. L. Hoyt is director 
. research, department of metallurgical research, and M. A. Scheil is research 
metallurgist in the same department, A. O. Smith Corp., Milwaukee. Manu- 
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perhaps not received the attention they deserve. These problems 
arise from the necessity of heating, forming, and welding the ma 
terials because each of these operations may affect the steel and its 
subsequent behavior. For the past few years the authors have been 
studying these effects to guide in the choice of steel to be used for 
vessels and the selection of treatments through which the steel can 
be safely passed in fabrication. This experience has taught that the 
steel must be selected not alone to withstand the ultimate service 
conditions but also to meet fabrication requirements. The corrosive 
effects which are, or may be, involved in service are numerous and 
include the various types to which stainless steel is subject. While 
the authors have considered these effects broadly they have selected 
for the present discussion that of “‘stress-corrosion cracking” of th 
austenitic stainless steels. Failure by combined stress and corrosion 
is not a very common occurrence yet most users of stainless steel 
equipment are undoubtedly aware of its possibility. The authors 
know of some cases which cause but little trouble though they are 
undoubtedly special. Usually the formation of an open crack i 
chemical equipment is highly undesirable and hence we have made a 
special study of this effect in an effort to learn how it is to be avoided 
in commercial practice. Furthermore, stress-corrosion cracking has 
not as yet been publicly discussed, insofar as the authors are awar 

Stress-corrosion cracking is intergranular in nature and un 
doubtedly belongs in the category of effects which originate at gra 
boundaries. Corrosion cracking of brass and the so-called causti 
embrittiement of boiler plate are well known examples, while failure 
of silver soldered joints and intergranular chemical attack, or “‘sugar- 
ing,’ are two manifestations of this susceptibility in stainless steel. 
“Sugaring”’ is the term used by the authors to mean the well known 
disintegration of the austenitic steels by progressive chemical attack 
along the grain boundaries. This effect can be detected by noting 
the increase in resistance or by bending the specimen and noting th 
opening up of cracks. It can also be detected in its early stages }) 
probing the surface with a steel point to loosen up the grains an¢, 
at a little later stage, by the sandy feel of the surface. Before pro 
ceeding to a discussion of our own observations, however, we would 
point out that susceptibility to intergranular attack is not at all suffi 
cient to produce cracking, though the steel is stressed and subjected 
to suitable corrosive conditions—some additional factors are ul 
doubtedly involved. Out of quite a number of test samples which 








1939 


failed 
cracki1 


some q 


() 
experie 
this cas 


was us 


chromiu 
solid sta 
tested by 
and cool 
vessel, 
no leaks, 
regular « 
few coo] 
trom the 
sulted in 
of the ¢; 
The 
the may 
and |] 
from +} 








irch 


2mMS 

ma 

| its 

een 
for 


"vice 
sive 
and 
V hile 
acted 
t the 
9sion 
stee! 
thors 
y are 
ck 11 
ade a 


ve 9 
‘onuded 


oral 
‘aust 
failure 
sugar- 
steel. 
known 
attack 
noting 
ing th 
wes by 
ns and, 
re pro 
would 
11 sufh- 
jected 
re uf 
which 














1939 CRACKING IN STAINLESS STEELS 193 


failed by sugaring, only a few showed simultaneous susceptibility to 
cracking. At present it appears that this variable behavior is due to 
some quality or characteristic of the steel in the as-received condition. 


SERVICE FAILURES 


Our attention was first directed to stress-corrosion cracking by 
experience with a solid manway neck in a paper pulp digester and 
this case will be used as an example of a service failure. This unit 
was used for sulphite digestion and was constructed of the 21-11 





_ Fig. 1—Inside Surface of Manway Neck Showing Cracks. The Top of the 
Photograph was Originally the Position of the Weld Seam. i, 


> 


chromium-nickel, Type 307, alloy. The manway neck was made of 
solid stainless steel 54 inch thick. After installation the vessel was 
tested by being put through 20 cooking cycles with the regular heating 
and cooling periods but before the actual liquor was placed in the 
vessel. At this time the vessel was pressure tested and found to have 
no leaks. Inasmuch as the vessel appeared to be fit for operation the 
regular charge with sulphite liquor was introduced. After relatively 


‘ew cooks the manway neck developed cracks which extended out 
‘rom the junction of the manway and the vessel proper. This re- 
sulted in leaks of the liquor and the unit was shut down for a study 
of the cause of the cracks. 


Uhe composition of the rolled plate which was used to fabricate 


the maz vay neck was 0.15 per cent carbon, 21.22 per cent chromium, 
and 11.45 per cent nickel. Examination showed that the cracks ran 
Ir m t veld seam out into the neck for a distance of ™% to 1 inch, 
a Fig | The inside surface of the neck also showed a few pits. 
¥pon probing around these areas with a steel point, we found that 
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the metal was sound and not sugared by intergranular attack, a 
either the cracks or the pits. The nature of the pits did not suggest 
corrosion attack and their presence was identified with manufacturing 
and not with the service conditions. Aside from these imperfections 
the surface was clean and only slightly tarnished and no signs of 
general corrosion were visible. This inspection revealed nothing of 
significance beyond the presence of the cracks, though it was fairl 
clear that the metal was in a sound ductile condition. 
Upon procuring test samples from the sound portion of the neck 
adjacent to the cracks it was found by simple bend tests that th 
metal was strong and ductile. Microsections showed the alloy to b 
quite clean with respect to oxides and other inclusions, though ther 
were some bands of precipitated carbides in the direction of rolling. 
The grain size suggested that the material had been annealed after 
rolling at a temperature of about 2000 degrees Fahr. (1095 degree: 
Cent.). This was later confirmed by heat treatment of separat 
samples. Carbides at the grain boundaries and a general dispersion 
of carbides throughout the grains suggested that this alloy may have 
been heated to or slowly cooled through the carbide precipitation 
range. Inasmuch as this material is a particularly good example o! 
stainless steel which is susceptible to stress-corrosion cracking w 
offer a few photographs of the microstructure. Fig. 2 shows the 
etched structure of the cracked manway neck in the condition as 1 
was received at our laboratory. Fig. 3 shows the structure of a sam 
ple after being heated to 2000 degrees Fahr. (1095 degrees Cent. 
and quenched in water. In this condition the austenite grain size 1s 
similar to the as-received sample. The quenched sample shows some 
carbide particles segregated in streaks. The austenite grains outsid' 
of the carbide streaks are free from precipitated carbide both with 
the grains and at the grain boundaries. Fig. 4 shows the structur 
of the quenched sample after being heated to 1000 degrees Fal 
(540 degrees Cent.). This treatment produced a general precipita 
tion of carbides within the austenitic grains and along the grail 
boundaries, and this effect was increased by heating to 1200 degrees 
Fahr. (650 degrees Cent.). In each case the samples were heate’ 
for two hours at the temperature stated after having been guenche 
from 2000 degrees Fahr. (1095 degrees Cent.). 
A microscopic examination of several of the cracks showed t 
to be intergranular, closely following the austenite grain boundaris 
Alongside the main cracks, or those which were visible to the unaide¢ 
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eve, there occurred another set on a finer scale which were also inter- 
granular. These are shown in Fig. 5. This is the type usually ob- 
served in specimens that have sugared. 

Our preliminary examination suggested three possible causes of 
the failure. 

(1) The metal may have been in a poor structural condition 
with the typical carbide precipitation at the grain boundaries and 
presumably susceptible to intergranular attack. 

(2) The metal may have been in a stressed condition which, 
in combination with (1), might have resulted in an accelerated attack. 
The presence of stress was also suggested by the opening up of the 
cracks upon forming, which process would act to relieve the stresses. 
The first condition would result in a general uniform surface attack 
along the grain boundaries and ultimately produce a sugary surface. 
(We have since observed just such a condition). A stressed condi- 
tion might very well result in the opening of deep and rapidly form- 
ing cracks, the spacing of which would depend on the stress condition. 

(3) Brittle failure of ductile metal can occur under conditions 
of triple tensile stress and a third possible explanation might be the 
production of such a stress by improper fabricating and operating 
conditions. 

As tests of these ideas we carried out a number of experiments 
which will be briefly considered in the following. Four specimens 
of the failed manway neck were boiled in the Strauss solution *(10 
per cent H,SO, and 10 per cent CuSO,), after receiving the follow- 
ing heat treatments. The results of our examination are given with 
the treatments. 

(1) As-received. After 21 hours the surfaces were badly 
sugared. After 138 hours the specimens could be readily broken in 


the hands. 

(2) As-received, heated at 1200 degrees Fahr. (650 degrees 
Cent.) for 2 hours, and air-cooled. The results were the same as 
given under (1). (See Fig. 6A). 


’ 


(. Water-quenched from 2000 degrees Fahr. (1095 degrees 


(‘a \ cr . . + 
ent.). After 492 hours there were no signs of sugaring. (See 
Fig, 6R 

s Water-quenched from 2000 degrees Fahr. (1095 degrees 
Cer ry. : . . " 

ent.). Heated at 1200 degrees Fahr. (650 degrees Cent.) for two 
ean o. H2SO, (C.P.) (sp. gr. 1.84) and 130 grams CuSO,-5H.O in water to make 


solution at 70 degrees Fahr. = 1.142. 
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Fig. 2—Type 307 Alloy (21-11). Microstructure of Manway Neck 
ceived. Electrolytic Etch—10 Per Pent Oxalic Acid. 
Fig. 2a—X 100. Fig. 2b—x 2000. Sensitive to Stress-Corrosion C: 
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Type 307 Alloy (21-11). Microstructure of Sample Water-Quenched 


100 Degrees Fahr. Not Sensitive to S-C Cracking. Electrolytic Etch— 


Cent Oxalic Acid. 
}a—X 100. Fig. 3b>—X2000. 
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hours, and air-cooled. After 23 hours the surfaces were sugared. 
(See Fig. 6C). 

In these tests the specimens were periodically removed from the 
boiling solution and scratched with a steel point to detect any sugaring 
that might have occurred as soon as intergranular attack had pro- 





Fig. 5—Type 307 Alloy (21-11). Microstructure Along Crack 
in Manway Neck Showing Intergranular Path of Rupture. Electro- 


lytic Etch—10 Per Cent Oxalic Acid. x 100, 
sressed around the grains. It was clear that the manway neck was 


‘la very poor structural condition though additional tests were 
sec] ; : io ; 

need ) develop the cause of cracking. Figs. 6A, B and C show 
lis] . ‘ . ~ . a 

pollshe’ and etched cross sections of the Strauss specimens. These 

show 


banded condition referred to. 
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Samples Tested in Boiling Strauss (Copper Sulphate) Solution. Electro- - Lhe 

lytic Etch—10 Per Cent Oxalic Acid. thoush # 
— 6a—-Sample as Received and Heated at 1200 Degrees Fahr. tor JUS | 

2 Hours. 

Fig. 6b—Sample See from 2000 Degrees Fahr. 

Fig. 6c—Sample Water-Quenched from 2000 Degrees Fahr. and then 


Heated at 1200 Degrees Fahr. for 2 Hours. X 
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Tests OF STRESS-CORROSION CRACKING 


While the tests just described demonstrated that something was 
wrong with the material of the manway neck, the important elements 
of stress and strain were lacking. This led us to devise a simple 
procedure with which to incorporate these factors into corrosion tests. 
Small strips were cut out of the manway neck which were about % 
inch thick by 34 inch wide and 3 inches long. These were formed cold 
around a bar into a horseshoe shape. This operation cold-worked or 
strained the metal and also put it into a convenient shape for the 





application of an elastic stress by squeezing the ends closer together 
an dj y > > -t. - ° . ° : ~ 
d holding them elastically sprung with a stainless steel wire. Such 


a hors 





hoe sample is shown in Fig. 7. The amount of elastic stress 
ried at will and we shall deal with that aspect of the test later 
se horseshoe test samples are handled in testing the same as 
cy were the customary straight specimens. The following 
carried out in the boiling Strauss solution as before. 
\s-received. After 15 hours the horseshoe specimen 
the tension side and showed evidence of sugaring. 
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(2) The sample was heated to 1950 degrees Fahr. (1065 de- 
grees Cent.) air-cooled, and then deformed cold. After a total time 
of 1868 hours the specimen was neither cracked nor sugared. 

(3) After heating to 1950 degrees Fahr. (1065 degrees Cent.) 
and cooling in the air, the specimen was deformed cold, heated to 
LOOO degrees Fahr. (540 degrees Cent.) for two hours, cooled in the 
air and then elastically stressed. After 24 hours, the specimen was 
cracked but not sugared. After 48 hours the specimen had begun 
to sugar. 

(4) After heating to 1950 degrees Fahr. and cooling in the air, 
the specimen was reheated to 1600 degrees Fahr. (870 degrees Cent. 
for two hours, cooled in the furnace to 1000 degrees Fahr. (540 de- 
grees Cent.), held for two hours and cooled in the air, and then de- 
formed cold and elastically stressed. After 69 hours, no signs o! 
cracking or sugaring were observed; after 144 hours the specimen 
showed slight sugaring, and at the end of 1000 hours had completel 
disintegrated. At no time did this specimen crack open. 

(5) The as-received specimen was heated to 1600 degrees Fahir 
(870 degrees Cent.) for two hours, cooled in the furnace to 1000 d 
grees Fahr. (540 degrees Cent.), held for two hours and then ait 
cooled. It was then deformed cold. After 93 hours there were n 
signs of sugaring. After 168 hours of total time the surface showe( 
slight sugaring and at the end of 1032 hours it had completely dis 
integrated. At no time did this specimen crack open. 

Typical results of these tests are illustrated in Fig. 8. The to 
specimen represents the treatment (2) and shows no cracking 0! 
sugaring. The center specimen represents the treatment (3) with the 
crack at the center that developed in 24 hours. The bottom specimer 
illustrates the complete disintegration of samples treated as in (4 


+} 
f 


and (5). The microstructure of the sample and the crack of | 
center specimen of Fig. 8 is shown in Fig. 9. Upon comparing this 
with the microstructure of the crack in the failed manway neck 1" 


PS 


Fig. 5 it is obvious that the path of rupture produced in the tes 
specimen is similar to that produced in service—both are intercrysta® 





line. 

In the as-received condition the alloy cracked open and sugare’ 
in a very short time. A solution heat treatment remedied this cond 
tion and neither cracks nor sugaring were found after prolonged bo 
ing in the Strauss solution. After this test we decided to find oul 
if the horseshoe test specimen had been elastically stressed through 
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the experiment. It measured 1.405 inches across the open ends as it 
came out of the test; after cutting the wire this dimension increased 
to 1.435 inches which corresponded to an elastic strain of 0.030 inch. 
When the solution treatment was followed by reheating to 1000 de- 





Fig. 8—Type 307 . 
ing (lee) Coils Seite, (ilaies Boe ek at te 
tom) Complete Disintegration. “ 7 a ee 


grees ahr. (540 degrees Ce i 
grees Cent.) it behaved in the same way as the 


aS-Tece vec ree : . 

ni | | specimen would and we observed that the crack opened 
» to relieve be oa : : 

nad : the stress before any sugaring occurred. Reheating to 

, uperature ¢ » > > ' ~— 
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One had previously been given a solution treatment and the am 
other was in the as-received condition. Both reacted similarly and the 
at no time developed cracks though they both sugared badly on pro- tion 
longed exposure. Mat 
These tests seemed capable of yielding positive results on stress- shoe 
corrosion cracking and we next ran two graded series of tests in each end: 
fiber 

forn 


Fig. 9—Type 307 Alloy (21-11). Microstructure at Surface Showing the Appearance 
of Stress Crack. Electrolytic Etch—10 Per Cent Oxalic Acid. x 100. See Fig. & 


of which the elastic stress varied from specimen to specimen. Thi 
material was taken from the manway neck and the specimens meas 
ured 7/64 inch thick by % inch wide by 3 inches long. This yg-1nc 


dimension was the original thickness of the manway. After drilling 
holes in the ends, each specimen of both series was bent cold in! 


li- 
} 


horseshoe shape over a 134-inch arbor. Series 1 was run in this con’ 
tion with different amounts of elastic stress. The specimens of Series 
2 were heated to 1850 degrees Fahr. (1010 degrees Cent.), ai! cooled, 
and then reheated to 1200 degrees Fahr. (650 degrees Cent.) for tw’ 
hours. One specimen of each series was selected to determine the 
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amount of elastic springing required to produce tensile stresses in 
the outer fibers of known amounts. This work was done in conjunc- 
tion with the department of Theoretical Mechanics and Testing of 
Materials whose results are recorded here. Fig. 10 shows the horse- 
shoe specimen schematically represented. A load P presses the free 
ends closer together and sets up elastic tensile stresses in the outer 
fibers whose magnitudes are given approximately by the following 
formule. A more precise calculation is not required for this problem. 


P 





M => Pa 
Mc 
S= 
I 
l 
| in which 
| 
! P = load 
a Oa 
os a = lever arm 
i M = moment on the section 
c= ¥% thickness 
' I= yr bt’ 
b = width of sample 


t = thickness 
S = elastic stress 


Fig. 10—Schematic Drawing 

of Horseshoe Specimen. 

Determinations were made of the loads P and the corresponding 
deflections, or changes in X, so that with subsequent test samples it 
was possible to calculate the deflection of X which was required to 
establish a given elastic stress in the test sample. Results for both 
series are tabulated in Table I to show the actual outer fiber stresses 
which were produced in each of the test specimens. 


Table 1 


Series I Series II 
< (1850° F. Air Cool + 
spec. (No Heat Treatment) Spec. 1200° F. 2 Hr. Air Cool) 
” Compression Stress p.s.i. No. Compression Stress p.s.i. 
None None 7. None None 
- 0.005” 5,000 8. 0.004” 5,000 
, 0.011" 10,000 9, 0.008” 10,000 
0.022” 20,000 10. 0.016” 20,000 
0.043” 40,000 11. 0.032” 40,000 
0.065” 60,000 12. st 55,000 
0.096” 87,000 no set 0.047” ries’ 58,000 
0.094” 87,000 


0.030” set 
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The following results were obtained with the first series of speci- 
mens. After six hours in the boiling Strauss solution neither crack. 
ing nor sugaring was observed. After this treatment the specimens 
were allowed to remain in the cold solution for 15 days after which 
no attack was observed. The specimens were then again treated in 
the boiling solution whereupon cracks began to develop after a total 
time of nine hours, as follows: 
Specimen 1 sugared but did not crack after 9 hours in hot solution. 
(Not stressed) 
Specimen 2 sugared and showed 11 cracks on the stressed bend. 
Specimen 3 sugared and showed 11 cracks on the stressed bend. 
Specimen 4 sugared and showed 14 cracks on the stressed bend. 


Specimen 5 sugared and showed 20 cracks on the stressed bend. 
Specimen 6 sugared and showed 21 cracks on the stressed bend. 


uit Ww 


a 





The specimens of Series 2 showed first signs of failure after 2 
hours in the boiling solution. All specimens were sugared but none 
had cracked. After a total time of 34 hours additional sugaring was 
noticed but again none had cracked. The same was true after 4! 
hours but at this period the specimens had sugared so badly that they 
could be broken in the hands while all the elastic stress had been 
released. 

Additional samples were tested in Aborn’s copper sulphate solu- 
tion* and in the nitric-hydrofluoric acid mixture**. The Aborn 
solution is adjusted in composition to produce the severest inter 
granular attack on sensitized metal and does not attack normal metal. 
The nitric-hydrofluoric acid is probably faster than the copper sul- 
phate solution in its effect but it has the disadvantage of attacking 
normal metal slowly. Two specimens were deformed cold ané 
stressed elastically about 50,000 pounds per square inch. One was 


1 


tested in boiling Aborn’s solution and one in nitric-hydrofluoric ac! 
at 60 degrees Cent. After 15 hours the former had one large crack. 
the fractured edges of which were sugared, while the latter specimen 
was cracked in three places, yet not enough to relieve all the stresses, 
and was also in a slightly sugared condition. 

Two additional specimens were stressed about 35,000 pounds ptt 
square inch though with different preliminary treatments. The first 
one was cold-deformed to horseshoe shape and then elasticall 
stressed. The second one was hot-formed into a horseshoe at abou! 


"13 gr. CuSO,-5H.O (C.P.) and 47 c.c. HeSO, (C.P.) (1.84 sp. gr.) per lit appro 
mately 1 per cent CuSQ,). This solution is employed boiling. 

**20 per cent HNO, (C.P.) (1.42 sp. gr.) by volume and 4 per cent HF (4 
(C.P). 
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1700 degrees Fahr. (925 degrees Cent.), then heated to 1850 degrees 
Fahr. (1010 degrees Cent.) and air-cooled, and then heated to 1000 
degrees Fahr. (540 degrees Cent.) for two hours. After cleaning 
the surface, the second sample was elastically stressed and both speci- 
mens were placed in Aborn’s solution. After 1% hours the first 
specimen had cracked and was found to be sugared locally on the outer 
bend. After 31 hours the second specimen was not cracked or sug- 
ared. At this time it was removed from the solution and deformed 
plastically by closing the ends of the horseshoe to produce a perma- 
nent set of 0.010 inch as measured across the open ends. This raised 
the yield point to about 85,000 pounds per square inch. After this 
treatment the specimen was stressed elastically as before to about 
35,000 pounds. per square inch and again placed in the boiling Aborn 
solution. After 40 hours this specimen developed a large crack which 
relieved the stress and was also sugared. It appears from this that 
this alloy must be work hardened to make it susceptible to stress 
‘racking. We do not know the amount of cold working that is re- 
quired but it is of interest to note that a re-examination of micro- 
sections from the failed manway neck showed just that condition at 
the surface. Fig. 11 represents a cross section through the manway 
neck and shows strain markings very close to the inside surface of 
the neck adjacent to the open cracks. A solid nozzle of 23-11 alloy 
in this manway neck had also failed by cracking and our examina- 
tion of it revealed similar strain markings. This nozzle was made 
by drilling out a solid bar. The carbides in this nozzle were in 
about the same condition as has been described for the neck proper. 

The work which had been done up to this point showed that 
strain or cold working as well as elastic stress was necessary to pro- 
duce stress-corrosion cracks in this alloy when it was in a susceptible 
structural condition. Our test with different elastic stresses did not 
suggest that a critical stress was required to produce stress cracking. 
All of this work had been done on one steel and we next subjected 
samples of various commercial steels to tests for susceptibility to 
stress-corrosion cracking. 


TEsts oF COMMERCIAL STAINLESS STEEL 
‘er this preliminary investigation many hundreds of tests 


| on commercial steels, representing eight different types of 
teels, from five different producers. All specimens were 


were 


Stain] 
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cold-deformed in the as-received condition which in almost all cases 
meant the annealed condition, free from intergranular susceptibility, 
After drilling the hole at the ends and forming to the horseshoe 
shape each set of steels in this program was given 2/ different heat 


Fig. 11—Type 307 Alloy (21-11). Microstructure at Surface Showing Stra 
Markings on Inside Surface of Manway Neck Adjacent to Open Cracks. Elect: lyti 
Etch—10 Per Cent Oxalic Acid. < 100. 


treatments which were devised to introduce the following factors 
into the tests: Carbide precipitation for various times and at various 
temperatures: re-solution and re-precipitation of carbides: coarsen- 
ing of the austenite grain size; and desensitization within the carbide 
precipitation range. All the specimens were stressed as uniformly 4: 
possible, depending upon the yield point of the material, to not less 
than 35,000 pounds per square inch and not over 55,000 pounds pet 
square inch and placed in the nitric-hydrofluoric acid mixture at 60 
degrees Cent. Our reason for selecting this solution was the rapidity 
with which it develops stress cracking in sensitive metal. A‘ter se 
eral hundred specimens had been tested we found only a few that 
failed by stress cracking though the samples had been cold-! formed 
prior to heat treatment. The results are shown in the following 
tabulation. 
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Table Il 
No. of Failures 
Analysis Type No. of Heats by Stress Cracking 
19-9 S + Ti 321 3 None 
19-10S + Cb 348 5 None 
13-8 S 304 1 None 
18-8 S + 3 Mo 316 + 317 & 2 Heats 
20-10S 308 ] None 
91-11 309 ] 1 Heat 
25-20S 310 1 None 
95.18S + Cb 310 Ch 1 None 
25-138 + Cb 309 Cb 1 None 


Many of these samples which were heated within the carbide 
precipitation range showed preferential corrosion on the stressed 
bend, but few showed actual cracking. The samples of type 304 
(18-8) sugared after 22 of the heat treatments used but in no case 
eave evidence of stress cracking. Many of these specimens had been 
severely corroded but, after test, were still in a stressed condition. 
Two heats of the type 316 alloy, (18-8 + Mo) showed three failures 
by stress cracking. Of two samples from one heat, both of which 
had been heated to 1950 degrees Fahr. (1065 degrees Cent.) and air- 
cooled, one had been heated for two hours at 1200 degrees Fahr. 
(650 degrees Cent.) and the other for 15 minutes at 1300 degrees 
Fahr. (705 degrees Cent.). The sample which had been heated to 
1200 degrees Fahr. (650 degrees Cent.) cracked in 200 hours, and 
at this time the specimen was sugared. The microstructure at the 
surface of this specimen, showing sugaring, is given in Fig. 12a. The 
specimen which had been heated to 1300 degrees Fahr. (705 degrees 
Cent.) cracked after 400 hours and had also sugared. The third 
sample was from another heat and had been cold-deformed as- 
received and then heated to 1200 degrees Fahr. (650 degrees Cent.) 
tor two hours. Open cracks and sugaring were noted after 24 hours 
immersion. The appearance of this crack running from the surface 
into the sample is shown in Fig. 12b. A marked difference in grain 
size of these two samples is apparent. The compositions of these 
two heats are: 


C Cr Ni Mo 
0.07 18.8 11.2 3.0 This heat produced two failures 
V.U8 18.0 10.7 2.5 This heat produced one failure. 


‘he time of the test varied with the sample but when the occa- 


‘ion warranted we did not hesitate to use periods up to several thou- 
san urs though this is usually regarded as being an excessively 
dra treatment. This solution does attack normal metal very 


| 


slo 


hough we have held samples in the hot solution over 3200 
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Fig. 12a—Type 316 Alloy (19-11 SMo). Microstructure at Surface 
Sugaring. Electrolytic Etch—10 Per Cent Oxalic Acid. x 100. 

Fig. 12b—Type 316 Alloy (18-11 SMo). Microstructure at Surface 
Appearance of Stress Crack. x 100. 
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hours without severe attack. In all cases the acid was changed about 
every 48 hours. During this time several sets of pyrex glass beakers 
were corroded so that we are convinced that an active amount of hy- 
drofluoric acid remained in the solution at 60 degrees Cent. Most of 
our specimens were tested for about 1000 hours, a few were held 2000 
hours, and all of the as-received and cold-deformed samples were held 
for 3000 hours. 

Without attempting to record all the data, we can summarize 
these findings on stress-corrosion cracking as follows: 

(1) No specimen that cracked was free from carbide precipita- 
tion and intergranular attack. 

(2) On the other hand stainless steels, with or without stabiliz- 
ers, were attacked intergranularly (sugared) with no signs of stress 
cracking. 

(3) The variations of the austenite grain size and in the chemi- 
cal composition which were included in the test could not be corre- 
lated with stress-cracking though this is necessarily limited to type 
316 steel. 

(4) Alloys which were in a good structural condition were not 
susceptible to stress-cracking. From these tests and others of a 
similar nature it appears that these steels have to be put in a sensi- 
tized condition though apparently certain heats are more susceptible 
to stress-cracking than others. 


Tests UNDER SERVICE CONDITIONS 


Our laboratory has made a definite effort to test out the sus- 
ceptibility of various commercial steels under conditions which are as 
nearly as possible representative of the service condition. We also 
test duplicate sets of stress-corrosion specimens in the laboratory 
under accelerated conditions. In many cases we have duplicated 
failures which occurred under operating conditions. Our horse- 
shoe sample lends itself admirably to this type of testing and 
can be used whenever the prospective user can supply equipment in 


which the test samples can be placed. Under these circumstances, 
even though we know nothing about the service conditions them- 
Selves, a reasonably safe guide can be secured for the selection of 
the steel and the fabrication procedure. Stress-corrosion tests of this 
type 


e been part of our routine customer’s service tests for the 
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past two years, during which time we have radically reduced the num- 
ber of test specimens which are needed to represent each type of 
steel. It is the purpose of these specimens to bring to our attention 
the characteristics of the customer’s corrosion conditions and to ac- 
complish this we may vary the treatments to produce both good and 
poor structures in the particular alloy. If stress and strain affect 
the corrosive attack, or produce stress-corrosion cracking, that js 
brought out. The samples are also weighed before and after the 
test so that the effects of general corrosion can be properly evaluated. 
We are giving herewith a summary of our findings in one such test. 

Five stainless alloys were selected for this test, three of which 
were recommended for the service conditions and two of which were 
added to complete the survey. The heat treatments were designed to 
take care of various methods of fabrication, which included solid 
stainless construction, layer construction, and lined construction. 
These three methods of fabrication do not necessarily involve the 
same set of heat and mechanical treatments and we found it necessary 
to make up eleven specimens of each steel to include all of the im- 
portant variables. Ten of these specimens were made with arc 
deposited beads of suitable weldrod analysis. Many of the specimens 
were deformed hot and some were deformed cold while heat treat- 
ments were performed before and after bending to horseshoe shap¢ 
3efore applying the wires, all surfaces were cleaned by a standard 
procedure to remove scale, weld sputter, and any iron particles which 
might be on the surface. Before wiring, each specimen was weighed 
to +0.001 grams and the surface area was calculated. The wire 
used to stress the horseshoe was put in the best possible condition t 
resist attack and was weighed separately so that if it should be at- 
tacked during the test, accurate data for the test specimen proper 
could still be obtained. However, for routine weighing during the 
course of a test, the wired specimens are always weighed as a unit 
Our preliminary studies showed that the actual amount of stress 1” 
the horseshoe is not particularly critical. On this account a sufh 
ciently uniform stress condition of high enough intensity to produce 
cracking in susceptible material can be produced by using a gage 
across the open ends of the horseshoe. Our practice is to bend up 4 
3-inch long specimen around a 134-inch bar springing the ends about 
0.03 inch, depending on the cross section to an elastic stress of no! 
less than 30,000 pounds per square inch. The specimens were place? 
in a woven alloy wire basket which had previously been heat {reate’ 
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to insure the best corrosion resistance. This basket of samples was 
then placed in a pilot plant unit which subjected all the samples to the 
correct temperature, pressure, etc. Details of these test samples 
and the heat analysis are given in Table III. 


Steel 
Num 


per 


Steel 


Plate 


Table Ill 


Plate Composition 
Type 
Num- 
ber € Mn Si Cr Ni Mo Cb 
316 0.08 1.38 0.35 18.0 10.7 2.5 eal 18-10 + Mo 
304 0.05 0.45 0.28 19.2 9.0 cee ee 19-9 
309 Cb 0.12 1.21 pies 25.5 13.6 ata 0.90 25-13 + Cb 
317 Cb 0.07 1.31 0.62 18.1 8.6 3.0 1.06 18-8 + Mo + Cb 
348 0.08 Re 0.41 20.0 9.0 ain 0.82 20-9 +- Cb 
Weld Composition 
Weld 
Metal G Mn Si Cr Ni Mo Cb 
18-8 + Mo a eas ous ape ees 
22-12 0.05 0.72 0.5 19.0 12.2 sia ' Deposit 
25-12 + Cb 0.11 0.62 0.58 22.7 13.7 0.03 1.14 Deposit 
18-8 + Mo + Cb 0.07 1.64 pies 19.4 10.3 2.5 0.71 Rod 
18-8 + Cb 0.06 0.65 para 18.9 9.5 peu 0.74 Rod 


The arc weld deposits were made with coated rods directly on the 


alloy sheets. The sheets were clamped against a chill plate and a 


heavy bead of weld metal was deposited which penetrated about 7% 


)/ 


the thickness of the stock. These arc weld deposits gave us samples 


of actual weld metal for test purposes and also produced a heat effect 
which could be used to determine the sensitivity of a plate material. 


After laying down this weld bead, the samples were treated as follows: 


l. 


) 


As-Received—Not welded—deformed cold to horseshoe—sandblasted, 

then stressed. 

Arc Welded—Deformed hot—then heated 2100 degrees Fahr. (1150 

degrees Cent.) —% hour—Air Cool. 

Arc Welded—Detormed hot—then heated 1600 degrees Fahr. (870 

degrees Cent.)—2 hours—Air Cool. 

Arc Welded—Deformed hot—then heated 1600 degrees Fahr. (870 

degrees Cent.) —2 hours—Air Cool + 1200 degrees Fahr. (650 degrees 

Cent.)—four hours—Furnace Cool. 

Are Welded—Deformed hot—then heated 2100 degrees Fahr. (1150 

degrees Cent.)—% hour—Air Cool + 1600 degrees Fahr. (870 degrees 

Cent.)—2 hours—Air Cool + 1200 degrees Fahr. (650 degrees Cent.) 
4 hours—Air Cool. 

Arc Welded—Deformed hot—then heated 1200 degrees Fahr. (650 

degrees Cent.)—4 hours—Furnace Cool. 

Arc Welded—Deformed hot—then heated 1000 degrees Fahr. (540 

degrees Cent.)—4 hours—Furnace Cool. 

\rc Welded—Deformed cold—No further treatments. 

\s-Received Plate. Heated to 1200 degrees Fahr. (650 degrees Cent.) 
4 hours—Furnace Cool—then arc weld—deform cold. 

\s-Received Plate. Heated to 1600 degrees Fahr. (870 degrees Cent.) 

—2 hours —Air Cool + 1200 degrees Fahr. (650 degrees Cent.)— 
iours—Furnace Cool—then arc weld—deform cold. 
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11. As-Received Plate. Heated to 1600 degrees Fahr. (870 degrees Cent.) 


—2 hours—Air Cool—then arc weld—deform cold. 


Some results of these service tests are recorded below, by num- 


Steel No. 1—Type 316, 18-11 + 2.5 Mo 

(4) Failed in stock after 105 hours with no previous indica- 
tions of cracking. 

(5) Failed in stock after 49 hours—Evidence of attack ap- 
peared after 30 hours exposure. 

(6) Failed at the edge of weld after 15 hours. 

(7) Failed in the stock after 128 hours. 

(9) Failed in the stock after 15 hours. 

(10) Failed in the stock after 15 hours. 

(11) Failed in the stock after 174 hours. 

The above specimens appear intergranularly attacked on the 
rough, cracked surfaces after being opened for inspection. There 
were no signs of sugaring on the original outside surfaces or on the 
weld metal. On a similar series of stress-corrosion specimens, some 
of which were tested in the laboratory in boiling copper sulphate 
solution, we observed that a treatment similar to (9) produced crack- 
ing and sugaring in 24 hours’ time. The specimen with treatment (5) 
which failed in the stock after 49 hours, was found to be sugary on 
the surface of the crack. As a further test the opposite leg of the 
horseshoe was bent cold in a vise. The maximum bending occurred 
at a stamped identification number, yet after bending 180 degrees no 
signs of cracking were observed on the outside surface. ‘This tes! 
demonstrated that the metal remained in a ductile condition even 
after stress-corrosion cracking had occurred. Experience with th 
specimen (9) was different. Failure in the stock of (9) was reported 
after 15 hours. We found on examination in the laboratory that two 
fine cracks came adjacent to the main crack and that the metal in the 
vicinity was sugary. On bending the opposite leg of the horseshoe, 
which appeared to be perfectly sound, several cracks opened up 0 
the surface after bending 90 degrees. 

Steel No. 2—Type 304, 19-9 

(6) Failed at edge of weld after 49 hours. Evidence oi attack 

appeared after 30 hours exposure. 

(9) Failed in the stock after 15 hours. 

(10) Failed in the stock after 82 hours. Evidence of ittack 
appeared after 30 hours. 
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the 
stress-cracking after 650 hours. 





The above specimens appear intergranularly attacked. 


Steel No. 3—Type 309 Cb, 25-13 + Cb 


CRACKING IN STAINLESS STEELS 


ho 
a 
wy 


This steel appeared brittle in bending hot or cold and a few of 


specimens were cracked in preparation. 


No specimens showed 


(2) Originally cracked through stamped identification number 


when deforming at about 1950 degrees Fahr. (1065 de- 


grees Cent.). 


(6) Thought to be originally cracked during forming and re- 


ported with small crack after 128 hours. 
Type 317 Cb, 18-8 + 3 Mo + Cb 


Steel No. 4 


This steel had a tendency to crack when deformed at moderate 


temperatures. No specimens showed stress-cracking after 650 hours. 
(4) Originally cracked next to the weld deforming at 1600 


degrees Fahr. (870 degrees Cent.). 


(6) Originally cracked next to the weld deforming at 1200 


degrees Fahr. (650 degrees Cent.). 
Type 348, 20-9 + Ch. 


Steel No. 5 


Samples of this steel have shown no failure after 650 hours. 


It is obvious that the test conditions in the customer’s plant pro- 


duce stress-corrosion cracking in susceptible metal. 


The advantage 


of using a stabilized austenitic stainless steel for resisting corrosion 


of certain types is also obvious. 


It may be of interest to note here 


that we have observed stress-corrosion cracking in another customer’s 


test though the conditions there were of the type that produce gen- 


eral corrosion rather than intergranular attack. 


These test results showed, what appears to be generally true in 


our experience, that there is no particular unstabilized austenitic 


type of stainless steel that does not become susceptible to stress- 


corrosion cracking when put into a “‘bad” structural condition. This 


seems to hold though the nickel and chromium contents be increased 


. 1 . 
and though the carbon content be held on the low side. 


It seems 


preterable to use stabilized alloys for service of this type or else to 


utilize a heat treatment after fabrication which is capable of eliminat- 


ing susceptibility of stress-corrosion cracking. 


\A 


CLOSURE 


. . = 
‘Nat causes stress-corrosion cracking ? 


The answer to this 


question is not fully understood and hundreds of tests that we have 
mad 


not bring forth a simple explanation of the phenomena. 
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The first prerequisite concerns the nature of the corrosive medium 
or at least it has been our experience that those media that tend to 
attack stainless steel intergranularly appear to be most effective in 
producing cracking. The second requirement, and here we can be 
somewhat more positive, appears to be that the metal must be sus- 
ceptible to intergranular attack when under certain conditions of 
stress and strain. This statement requires elucidation. Reverting to 
Steel No. 1, seven of eleven samples of which failed under our 
customer’s operating conditions, our heat treatment (7) which is 
1000 degrees Fahr. (540 degrees Cent.) for four hours, produced 
stress cracking in 128 hours. Comparing this with the behavior 
when not stressed and strained is of interest. In laboratory tests on 
flat specimens which were neither stressed nor strained, samples of 
this same steel were heated to 1100 degrees Fahr. (595 degrees 
Cent.) for two hours. After 1250 hours in the boiling Strauss 
solution no signs of sugaring were observed. A second sample 
heated to 1000 degrees Fahr. (540 degrees Cent.) for two hours 
was boiled for 1600 hours in the same solution without sugaring. 
(It will be recalled that 1200 degrees Fahr. (650 degrees Cent.) 
for four hours caused this steel to sugar). Horseshoe specimens 
which have failed under operating conditions have been found t 
be ductile on both sides of the failure, showing that the metal had 
not been intergranularly attacked generally. On the other hand wi 
have always observed intergranular attack along the main path of 
rupture in stress-corrosion test samples. This suggests that stress 
itself is an accelerator of corrosion and this appears to be confirmed 
by horseshoe samples which have shown preferential or early 
sugaring on the tension face of the horseshoe sample. While it is 
pointed out here that susceptibility to intergranular attack is a nec- 
essary prerequisite for stress-corrosion cracking we do not find that 
a condition of the metal which produces sugaring always produces 
cracking when stressed and strained. Certain heats of steel when 
in a sensitive condition appear to be more susceptible to stress- 
corrosion cracking than others. Our efforts so far to analyze this 
behavior have not been entirely satisfactory. Composition may be 
a factor but we have not definitely proved it to be so. Austeniti 
grain size does not correlate with stress-cracking in the observations 
we have made, though this is limited to the Type 316 steels (18° 
+ Mo). Another variable behavior which we have found with the 
18-8 + Mo steels is that some do and others do not become desens' 
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tized by heat treatment. Some data on this point may be recorded 
here. A metal which was not sensitive to stress-corrosion cracking 
was found not to sugar in the boiling Strauss solution in 1200 hours 
after the following heat treatments. 
C 0.07%, Mn 0.37%, Si 0.30%, Cr 18.1%, Ni 9.4%, Mo 3.2%. 
1500 degrees Fahr. (815 degrees Cent.) for 15 hours. 
1500 degrees Fahr. (815 degrees Cent.) for 30 hours. 
1400 degrees Fahr. (760 degrees Cent.) for 15 hours. 
1400 degrees Fahr. (760 degrees Cent.) for 30 hours. 


1300 degrees Fahr. (705 degrees Cent.) for 15 hours. 
1300 degrees Fahr. (705 degrees Cent.) for 30 hours. 


\ second sample from another heat of the Type 316 steel which 
did crack in stress-corrosion tests gave the following results. 

C 0.05%, Mn 1.40%, Si 0.18%, Cr 18.3%, Ni 10.7%, Mo 2.8%. 

After 1500 degrees Fahr. (815 degrees Cent.) for 15 hours; 
sugared after 734 hours in the Strauss test. 

After 1500 degrees Fahr. (815 degrees Cent.) for 30 hours; 
O.K. after 1100 hours in the Strauss test. 

After 1400 degrees Fahr. (760 degrees Cent.) for 15 hours; 
sugared. 

After 1400 degrees Fahr. (760 degrees Cent.) for 30 hours; 
sugared. 

After 1300 degrees Fahr. (705 degrees Cent.) for 15 hours; 
sugared. 

After 1300 degrees Fahr. (705 degrees Cent.) for 30 hours; 
sugared. 

lt appears that the molybdenum in the first steel cited was act- 
ing as a stabilizer. The second steel of Type 316 after being given 
our heat treatment (11) sugared in the Strauss solution after 547 
hours. In the service test a similarly treated specimen in the form of 
a stress-corrosion specimen failed by cracking after 174 hours. 

To date we have not found stress cracking with the stabilized 
alloys (columbium and titanium treated steels). Many of these have 
sugared or have shown general corrosive attack but none actually 
cracked open. Properly quenched austenitic stainless steels were 


also not found to crack fromi stress-corrosion attack. 
- . . “ _e 
_ in closing we wish to express our appreciation to the officials 
setien QO. Smith Corporation for permission to publish the results 
OT t} 1 


tudy, and to Mr. E. Montania for his valuable assistance in 
ration of the specimens and photomicrographs. 
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DISCUSSION 





Written Discussion: By K. E. Luger, metallurgical engineer, Stainless 
Steel Division, Carnegie-Illinois Steel Corp., Houston, Texas. 

The authors are to be congratulated for presenting a very valuable con- 
tribution to stainless steel literature. The users, fabricators, and producers of 
stainless steel should all be indebted for the large amount of experimental work 
done and for the excellent manner in which it is presented. 

The authors have clearly shown that stress-corrosion cracking very likely 
cannot occur in austenitic stainless steels unless four conditions are present 
(1) the material must be in at least a slightly work hardened condition, (2) jt 
must be under stress, (3) its structural condition must be such as to make jt 
susceptible to intergranular corrosion, and finally, (4) it must be exposed to a 
corrosive condition that will develop intergranular attack. If any one of thes 
four conditions is absent, stress-corrosion cracking very likely will not occur 
Susceptibility to intergranular attack can be eliminated by use of a stabilizing 
addition to the alloy or by heat treatment, while the work hardened condition 
can, of course, be eliminated by an annealing treatment. The authors haye 
made a particularly valuable contribution by so clearly proving the importance 
of the work hardened condition of the material. 

There is no doubt but that the methods of testing and the shape of the 
test pieces developed by the authors will prove to be of great benefit in th 
future in the determination of which of the austenitic stainless alloys may be 
suitable for a given service, and how the material should be fabricated (includ 
ing possible heat treatment by the fabricator) to best withstand the intended 
service. 

If the authors would feel free to present additional information on th 
following points, it is believed that the paper would be of even greater valu 

(1) Were the two heats of Type 316 alloy mentioned on page 209 the on! 

heats of the lot tested which showed cracking? If they were not, an 
detailed information as to the chemistry and the heat treatment of the 
other specimens that failed would be of interest. 

(2) Do the authors have available photomicrographs of higher magnifica 

tions of the structures shown in Figs. 12A and 12B? 

(3) Detailed analyses of the two heats of Type 316 steel mentioned 

page 217 again would be helpful. 

The findings and conclusions of the authors agree very well with th 
writer’s experience. It is highly gratifying to have the authors put to an end 


hig! 


» 


for once and all the theory somewhat prevalent several years ago that 
alloy content (percentage of chromium plus the percentage of nickel) of austet 
itic stainless steels was of more importance than maintaining low carbon con 
tent. The experiences described with the alloy containing 0.15 per cent carbon 


, { 


21.22 per cent chromium and 11.45 per cent nickel both in service and in t! 
authors’ extended tests were what might be expected on an alloy having ™ 
stabilizing agent and with this relatively high percentage of carbon. 

It is believed that the cracking reported on the two heats of [ype 9? 
alloy mentioned on page 209 should not be considered a condemnation of this 
material, inasmuch as the harmful heat treatments were quite drasti 
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cause the alloy at its best is not considered to be particularly adapted for 
resisting hot nitric acid, which was used in the nitric-hydrofluoric acid cor- 
roding agent. 

\s a check on the susceptibility of the austenitic chromium-nickel steels to 
intergranular corrosion after various heat treatments, the writer believes that 
electrical resistivity measurements before and after exposing the specimens to 
the corroding media might prove to be a much more sensitive test than attempt- 
ing to detect intergranular corrosion by evidence of sugaring of the specimens. 
This might prove to be particularly of value when submitting specimens for 
tests under actual operating conditions. These electrical resistivity measure- 
ments are fairly easy to make and they will show up intergranular attack even 
if this is present only to a slight degree. 

It is unfortunate that the low carbon 18-8 titanium alloy Type 321 was 
not included in the test conducted on materials covered in Table III. 

It is very interesting to note that the test conducted on materials given in 
fable III with various heat treatments apparently indicated that none of the 
materials in the “As-welded not subsequently heat treated” condition (Treat- 
ment No. 8) showed evidence of failure. Because of this it would appear that 
heat treatment following welding is not always essential, even on alloys without 
stabilizing agents, provided, of course, that the alloys contain relatively low 
carbon. 

The reported fracture in hot and cold working of Steel No. 3—Type 309 Cb 

can perhaps be explained by the relatively high chromium and columbium 
content, together with the relatively low nickel and manganese contents; that 
is, the material likely had present in its structure copious amounts of high 
temperature ferrite. 

We have, on a number of occasions, experienced cases of stress corrosion 
on properly heat treated 18-8 alloys where the corroding media have contained 
halides. It is possible that in these cases and in those presented by the authors, 
that the cracking is due to the same thing, namely, stress concentration at 
notches produced in one case by halide pits and in the other by intergranular 
corrosion. 

Che effectiveness of such tests as were carried out in the nitric-hydrofluoric 
acid solution might have been greater if the solution had been changed at 
irequent intervals rather than every 48 hours. The solution undoubtedly 
changed to some extent with this long an exposure to glass and metal thus 
to some extent the results. 

Written Discussion: By R. H. Aborn, research laboratory, U. S. Steel 
Corp., Kearny, N. J. 


affecting 


phenomenon discussed by the authors of this paper is of unusual 


interest to us as it appears to be intergranular corrosion aggravated by cold 
work. Several years ago we observed that an austenitic stainless steel speci- 
men ected to cold work and then exposed to a favorable sensitizing tem- 
perat may show greater susceptibility to intergranular corrosion than is 


similar metal subjected to the same test conditions but lacking cold 
¢ cold-worked material will, however, recover immunity sooner than 
aterial either at the same or a higher sensitizing temperature. 

ggest that susceptibility to stress-corrosion cracking represents the 
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early stages of susceptibility to intergranular corrosion or a relatively loy 
degree of sensitization. It is interesting to note the similarity of behavior be- \ 
tween these results and those obtained by Schroeder and co-workers in their rr 

work on the intercrystalline cracking of mild carbon steel as used in boilers — 
(Cf. A.R.E.A. Bull. 404, 1938). In both types of steels intergranular cracking 


can be produced in cold-worked U-bend specimens immersed in a solution con 


carbot 


taining both a corrosive agent and a protective agent. In the present instance , 
. ° me = . ° ‘ relerr' 
the corrosive agent is H-SO, or HF while the corresponding protective agent 
is CuSO, or HNO;. It appears that the protective agent effectively shields 


the body of each grain leaving the corrosive agent to attack the grain boundary 


colum 
presen 
metal. It may well be that as soon as the attack is under way the notel —_ 
effect intensifies the applied stress and propagates a crack, provided the patl -_ 
of attack is very narrow as in the early stages of susceptibility to intergranular — 
corrosion. However, it may be that in the more advanced stages, when th a 
path of attack is relatively broad the notch effect may be so weakened that 
no crack is propagated, and the material fails eventually by disintegration 


the grains. 


It seems quite possible that this condition might have been revealed without 
the accelerating influence of cold work had the authors employed a mor 


sensitive detector—such as the change in electrical resistance accompanying 


intergranular corrosion. It also appears that the authors’ criterion of “sugar 
ing” was sensitive only to the more advanced stages of sensitization, and if s 
it is not surprising that “cracking” and “sugaring” were not often observed 
simultaneously. 

We believe that the rather confusing array of carbide precipitation treat 
ments might have been materially simplified had the authors applied therm: 
gradient treatments to each of the strip specimens. Each specimen would thei 
have been subjected at some point along its stressed length to every temperatur ladies 
at which precipitation might occur and thus the point of maximum severit calle 
would be automatically disclosed and the results made correspondingly mor , 
significant. 

It seems unlikely that heats of the same stainless steel grade differ 
herently one from another in their susceptibility to this phenomenon, and \ 
suggest that these apparent differences may be related to such factors as t 
presence of a very small amount of grain boundary ferrite, initial condition an 
distribution of carbides, and austenite grain size. For example, it must b 
remembered that most of the steels described by the authors are what Dr. Joh' 

A. Mathews once termed “marginal alloys,” which may or may not be entir 

austenitic depending on differences in composition, degree of hot work, bh 

treatment, and other factors. Thus it is not improbable that the cracking 
which occurred in deforming Steels 3 and 4 (Table III) is associated 

presence of delta ferrite. 

Finally it should be added that if the authors observed “sugaring’ 
of the titanium- or columbium-bearing alloys it must be owing to an insufficient 
ratio of the element to carbon, to a lack of uniform distribution of the clement 
or to the need of a stabilizing heat treatment. Experience has amply demon 


mter- 
Tit 


strated that when these conditions are met the alloys are immune 
granular corrosion. 
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Oral Discussion 


V. N. Krivosok:* Mr. Scheil, have you ever found that in case colum- 
hium is used in austenitic alloys it is necessary to have about ten times the 
carbon for stabilizing treatment? 

M. A. Scueii: Dr. Krivobok’s question regarding the columbium content in 
relation to the carbon content can be answered from our experience. When I 
referred to some of the stabilized austenitic stainless alloys (titanium and 
columbium) as having sugared or shown general corrosive attack in the 
presentation of this paper, I was referring specifically to those containing 
columbium about six times the carbon. In these alloys I would seriously con- 
sider heat treatment stabilization after heavy welding. I agree with you that 
when you have columbium up to 1 per cent with low carbon, below 0.10 per 
cent and preferably below 0.08 per cent, heat treatment stabilization is not 
necessary after welding. Thank you for bringing this up. 

V. N. Krivosox: Gentlemen, it was my privilege to be informed about an 
ingenious method of testing Dr. Hoyt and Mr. Scheil have done. Since their 
work, which is highly interesting and highly important, I have tried to con- 
tribute a bit in the same general knowledge. The four conditions which the 
wuthors have ably brought out, the absence of stress-strain, then the chemical 
stability of the alloy, probably the previous history, etc., are quite important. 
| should like to suggest that one of the factors which was found to be im- 
portant was the grain size and it stands to reason that it would be so. Further, 
that in alloys, in which the stability is usually satisfactory, stability is further 
increased, not only by analysis but by treatment as well. You see after all 
these steels are not, strictly speaking, in a stable condition. When the stability 
is increased the sensitivity to stress corrosion seems to be decreased. I was 
also very much interested, if I may take one more minute, Mr. Chairman, and 
ladies and gentlemen, in going a bit further than that in paralleling the stress- 
corrosion characteristics of these alloys with a study of their general behavior, 
that is, the general corrosion resistance. Partly no doubt by virtue of my 
birth, | was very much intrigued by a publication which has recently appeared 
irom Moscow which showed that in stainless steels at critical stress, which 
was measured by the amount of polar reduction, the corrosion rate went down 
to practically nil while with more stress or less stress the corrosion was quite 
high. I am sorry to say I was not able to check those results and that the 
general resistance to corrosion seems to be affected not only by the plastic 
deformation but also by the amount of elastic deformation. In that connection 
the ingenious methods of Dr. Hoyt and Mr. Scheil were indeed important in 
studying these phenomena. I have nothing to add but high praise to everything 
as usual to Dr. Hoyt and his associate, Mr. Scheil. 


Authors’ Reply 


Dr born has added some very pertinent remarks to this paper by his 
Clear C ption of the anomalies of stainless steel. We welcome his discussion 
and WI 


to bring out some experimental evidence in reply: 
h ot metallurgy, Carnegie Institute of Technology, Pittsburgh, and associate 
earch, Allegheny-Ludlum Steel Corp., Brackenridge, Pa. 
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We do not believe that general intergranular attack is always necessary 


to develop stress cracking, although every specimen that fails by stress cracking 
will eventually show at some later date a general intergranular attack. Whik 
we say this without the knowledge of a very sensitive test for intergranula; 
attack, such as Dr. Aborn’s electrical sensitivity method, we have reason to be 
lieve it because on a number of different occasions we have taken field tested 
stress-corrosion cracked test samples and produced excellent bend tests fron 
both halves of the fracture. If intergranular attack had been general this would The a 
not have been possible. Stress, in an alloy susceptible to stress cracking, ap- cross- 
pears to produce limited intergranular corrosion in a few selected graii 
boundaries producing a notch effect which propagates a crack rapidly. Fig - coarse 
12a illustrates a laboratory specimen which has shown general intergranular R 
attack of all surface grains before the crack propagated at one particular of the 
point. The evidence from field tests points to a very limited susceptibility i: stress- 
the vicinity of some highly stressed area. 


precip 


differe 

To say that it seems unlikely that heats of the same stainless steel grad sample 
differ inherently one from another in their susceptibility to this phenomeno: tion “ 
is to infer that heats of the same grade and of similar chemical compositio: corros 
never vary in corrosion properties. It is entirely possible that “processing’ granul 
may be a large factor in producing some of the factors relating to this phe it DOI 
nomenon. However, these are usually out of the hands of the consumer and s other. 
should be controlled in manufacture. It is possible that a proper balancing oi 
the alloys could result in a decided influence toward eliminating stress cracking 
in unstabilized alloys, particularly of the austenitic alloys containing molybd 
num. 

Three #s-inch thick plates from three different, but similar, heats 
Type 316 alloys quenched at the mill were welded with a cross weld in ; 
similar manner. One set was corrosion tested “as-welded,” another, atte! 
4 hours heat treatment at 1000 degrees Fahr., and still another after 4 hour 
treatment at 1200 degrees Fahr. Two of the three different heats showed 
attack in the heat affected zone “as-welded.” The same two showed sugaring 
after heat treatment to 1000 degrees Fahr. in the heat affected zone while th 
remainder of the plate was O.K., and all three showed attack of 
material after treatment at 1200 degrees Fahr. The three heats gave analyses 
as follows: 


& Mn Cr Ni Mo Attack in heat aft 
0.07 1.58 18.94 9.68 2.37 lof cross weld depos 


0.07 1.38 17.02 10.46 2.40 |welded” and after 
grees Fahr. 


3, 1.08 1.32 17.53 10.32 2.43 


Steel 1 shows a few large ferrite pools not well distributed. 
Steel 2 shows very small and numerous ferrite pools uniformly distributed 
Steel 3 shows small and numerous ferrite pools quite evenly distributed. 


Specimens from each heat were subjected to a grain coarsening li 
ment followed by a heat treatment at 1000 degrees Fahr. for 4 hours 
mens were then tested in the nitric-hydrofluoric acid mixture for ev! 
intergranular attack. The following table records the results that re | anneal 
tained in these tests: range 
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Treatment Steel 
l 2 3 
1900° I Air Cool + 1000° F. for 4 hours sugared O.K. O.K. 
2000" F, Air Cool +4 1000° F. for 4 hours O.K. O.K. O.K. 
2100° F.—Air Cool + 1000° F. for 4 hours O.K. O.K. O.K. 
200° F.—Air Cool + 1000° F. for 4 hours OR. O.K. O.K. 
2300° I Air Cool + 1000° F. for 4 hours O.K. OE. O.K. 
400° J Air Cool + .1000° F. for 4 hours O.K. sugared O.K. 
2500° J Air Cool + 1000° F. for 4 hours sugared sugared O.K. 


The apparent differences in the intergranular corrosion properties of the three 
cross-welded steels may be due to their ability to prevent harmful carbide 
precipitation by the differences observed microscopically and after grain 
coarsening experiments. 

Regarding Dr. Aborn’s last paragraph on the observed “sugaring” in some 
of the titanium- or columbium-bearing alloys we offer the following laboratory 
stress-corrosion test data on five different heats of these alloys made by four 
different steel producers. The notation following the heat treatment of the 
samples indicates the number of hours in the corroding media and the designa- 
tion “O.K.” means that no attack was observed. “Att.” means that a general 
corrosion of the surface took place. “S” indicates “sugaring” or severe inter- 
granular attack at the surface. Treatment (5) which was a long time heating 
it 900 degrees Fahr. gave an indication of superiority of one alloy over the 
other. 





——— Type 321——————_ ——Type 347———— 
hemical Analysis (1) (2) (3) (4) (5) (6) (7) 
ce 0.06 0.06 0.06 0.06 0.06 0.06 0.07 
Mn 0.42 0.42 0.48 0.48 0.50 0.50 0.42 
Si 0.44 0.44 0.57 0.34 0.28 0.28 0.27 
Cr 19.10 19.10 17.70 18.10 18.62 18.62 18.72 
Ni 9.60 9.60 8.10 9.50 11.36 11.36 9.86 
Ti 0.60 0.60 0.64 0.33 ee eatice alii 
Ch ee hears owas owas 0.86 0.86 0.42 
Notes All samples were mill annealed and passivated Samples (1) and (5) were 
stabilized 
Heat lreatment (1) (2) (3) (4) 
lest Solution HNO,+ HF HNO.+ HF HNO;+ HF Aborn’'s 
As Received—-No Heat Treatment 2950/0K 2950/OK 2950/OK 1200/OK 
(2) 1600° F.—2 hrs.—Fur. Cool 1780/OK 1780/OK 1780/OK 1060/S1.S. 
Same as (2) + 1200° F.—4 hrs.—A.C. 1780/OK 1780/OK 1780/Att. 1060/OK 
1200 F 2 hrs.—Air Cool 1300/OK 1300/OK 1300/OK  1060/S. 
JU0" F 1000 hrs.—Air Cool 840/Att. 840/Att. 240/Att. 
Heat Treatment (5) (6) (7) 
rest Solution HNOs — HF HNOs + HF HNOs + HF 
4) As Received—No Heat Treatment 2950/OK 2950/OK 2950/OK 
\<) 160 K 2 hrs.—Fur. Cool 1780/OK 1780/OK 485/Att. 
(3) Same is (2) + 1200° F.—4 hrs.—A.C. 1780/OK 1780/OK 485/Att. 
yet F.—2 hrs.—Air Cool 1300/OK 1300/OK 360/S. 
) 90 | 1000 hrs.—Air Cool 1780/OK 1780/OK 240/S. 


15-8 titanium alloys with titanium equal to ten times the carbon con- 


tent sl d general attack in the stress-corrosion test after a heating at 900 
degree: hr. regardless of whether the alloy was mill annealed or mill annealed 
— iti stabilizing heat treatment. A similar alloy with titanium equal to 
=a = ‘he carbon content required heat treatment stabilization of the mill 
anneal imple to resist sugaring after a heat treatment in the damaging 
range t degrees Fahr. 
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The 18-8 columbium alloys with columbium at least ten times the carbon 
content regardless of previous treatment were not affected in the stress-cor- 
rosion test when similarly heat treated at 900 degrees Fahr. A similar alloy 
with columbium equal to six times the carbon content could not be stabilized 
by heat treatment to resist attack after a heat treatment in the damaging range 
The mill annealed samples showed sugaring after heating in the damaging 
range. 

Dr. Bain has raised the question of whether low temperatures may give 
stress cracking. Material from the manway neck, tests of which have alread; 
been discussed in the paper, was put through the following treatments: 

Four strips were heated to 1950 degrees Fahr. and water quenched. The 
following heat treatment was carried out: 

Specimen 1—This specimen was heated in the unstrained condition 145 
hours at 865 degrees Fahr. It was then formed cold to a horseshoe and 
stressed. 

Specimen 2—This specimen was cold formed to a horseshoe and the: 
heated the same as specimen 1 and stressed cold. 

Specimen 3—This specimen was heated in the unstressed condition | 
minutes at 965 degrees Fahr. It was then formed cold to a horseshoe ar 
stressed. 

Spectmen 4—This specimen was cold formed to a horseshoe and _ thet 
heated same as specimen 3 and stressed cold. 

All four specimens were placed in boiling Aborn’s copper sulphate solutio: 
Specimens 1 and 2 were tested for a total time of 20 days and found to be fre 
from stress-corrosion cracking. Specimens 3 and 4 were tested for 6 days and 
found to be O.K. Then specimens 3 and 4 were heated at 965 degrees Fahr 
for 15 minutes. The specimens were stressed during the heat treatment. After 
13 days both specimens 3 and 4 were O.K. At this time specimen 3 was 
reheated to 965 degrees Fahr. for % hour and specimen 4 was reheated at 
965 degrees Fahr. for % hour. Another copper sulphate test was made over 
a period of 16 days with no signs of stress-corrosion cracking. After this 
specimen 3 was reheated to 965 degrees Fahr. for 2 hours. This was a total 
time of about 3 hours at 965 degrees Fahr. Also, specimen 4 was reheated t 
965 degrees Fahr. for 20 hours. A test in copper sulphate showed specimen 5 
to be O.K. after 7 days but specimen 4 failed by cracking first and then sugar 
ing in 1 day’s time. 

These results show that low temperatures below 1000 degrees Fahr. do no! 
produce stress-corrosion cracking in a susceptible alloy unless the period 0 
time at temperature is sufficient to produce intergranular attack. 

To answer Mr. Luger’s questions we will reply as follows: 

Question (1)—Two heats out of eight of the Type 316 alloys 
stress-corrosion cracking. The analyses given on page 209 were 
analyses and the actual analyses of the failed specimens were as follow 


Cc Mn Si Cr Ni 
Heat producing 2 failures 0.07 0.38 0.35 18.8 1.4 
0.35 ). 


1 
Heat producing 1 failure 0.08 1.38 3 18.0 1( 


. 1 . a “ walysis 
Question (3)—Type 316 alloys mentioned on page 217 are heat «naty> 





1939 


\ 
higher 

W 
the tw 
tests t 
Was U 
withou 
alloys 


operat: 


surtace 
and 4 
were a 
ing au 
resistar 
Wi 
method 
that we 
before 
Th 
single 
in the | 
No. s 
band a 
crackin 
and sh 
the as-' 
Ste 
ferrite 
Fahr, ; 





March 


- carbon 
‘€SS-Cor- 
ar alloy 
tabilized 
g range. 
amaging 


Nay give 
- already 


ed. The 


ition 145 


shoe and 
and then 


dition 1 
shoe and 


and then 


+ solutio 

to be free 
days and 
‘ees Fahr 
nt. Alter 
en 3 was 
‘heated at 
nade over 
\fter this, 
as a total 
eheated t' 
specimen 3 
hen sugar- 


hr. do not 


period of 


1939 DISCUSSION—CRACKING IN STAINLESS STEELS 225 


Cc Mn Si Cr Ni Mo 
Not sensitive to S-C can be 
desensitized by H.T. 0.07 0.37 0.30 18.1 9.4 3.21 
Was sensitive to S-C not 
desensitized by H.T. 0.05 1.40 0.18 18.3 10.7 2.80 


We agree that balancing the composition is not the answer and certainly 
higher carbon above 0.10 per cent is definitely to be avoided. 

With all due regard to Mr. Luger’s remarks concerning the cracking of 
the two heats of Type 316 alloy which were obtained in accelerated laboratory 
tests using hot nitric acid, we would like to point out that one of these heats 
was used in service tests which were described on page 214 and failed badly 
without any signs of general corrosion attack. The five different stainless 
alloys included in this service test were all tested together as described, under 
operating conditions in a sulphite digester. Steels Nos. 2, 3, and 5 showed 





surface attack on all the samples tested for the full 650 hours. Steels Nos. 1 
and 4 containing molybdenum showed no tendency toward surface attack and 
were absolutely bright when removed after 650 hours. The molybdenum bear- 
ing austenitic alloys have enjoyed a good reputation for general corrosion 
resistance in sulphite service. 

We agree with Mr. Luger on the advantages of the electrical resistivity 
method for detecting slight intergranular attack. This method is so sensitive 
that we have found it necessary to obtain increases of the order of 100 per cent 
before “sugaring” is apparent. 

_ The tests conducted on materials given in Table III have indicated that 
single pass welds on 11 gage sheet have not shown attack or stress cracking 
in the “as-welded not subsequently heat treated” condition which is Treatment 
No. 8. tlowever, other conditions might cause corrosion alongside the weld 
band and ve would point out the data refer specifically to stress-corrosion 
cracking. As an example of this, Steel No. 1 was welded with a cross weld 
and showed complete failure in the heat affected zone adjacent to the welds in 


the as-welded condition. (See Fig. above.) 

Ste 2 Nee ° e ° 
a tec . 9 may have cracked due to copious amounts of high temperature 
errite, wetbiintiiaa ; x 
Fal ever, sample (2) was cracked while deforming at 1950 degrees 
‘ahr. aj 


nple (6) was heated to 1200 degrees Fahr. and deformed at a red 





226 TRANSACTIONS OF THE A. S. M. Marc! 


heat. Other samples such as (1) were deformed cold in the as-received condi- 


tion O.K. 


Mr. Luger brings up an interesting observation in his discussion of stress- 


cracking phenomena in properly heat treated 18-8 alloys that became pitted du 


to the presence of halides in the corroding media. Mr. W. Brooks has pr 


posed some similar circumstances, namely, that stress cracking can occur du 
to stress concentration at notches produced by corrosion pits as well as by 
intergranular corrosion. During our laboratory testing we produced consider 
able pitting in titanium and columbium stabilized alloys by a very long tim 


corrosion test in the nitric-hydrofluoric acid mixture. Many of these specimens 


had been heated within the damaging range, were cold formed, stressed, ay 
then tested as long as 3200 hours. During the latter 1000 hours pitting ¢ 
veloped as well as considerable general corrosion but in no cases did we obsery 
stress cracking. Several of these pitted specimens were bent 180 degrees afte 
their corrosion test and still exhibited excellent ductility on the pitted surface: 
An 18-8 steel air quenched from 1950 degrees Fahr. was treated similarly 

developed pits during testing, but after 3200 hours did not show any signs 

stress cracking. We do not have laboratory data at present which would su) 
stantiate pitting alone as a direct cause of stress cracking. It is possible thal 
the pitting referred to may have been associated with the grain boundaries 
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THE EFFECT OF TYPE OF COLD DEFORMATION ON 
THE RECRYSTALLIZATION PROPERTIES OF 
ARMCO IRON 


3y HERMAN F. KAISER AND Howarp F. TAYLor 
Abstract 


The recrystallization of Armco iron when cold- 
deformed by torsion, elongation in tension, and rolling, 
and subsequently annealed, has been studied with care 
taken to keep variables other than the type of deforma- 
tion as alike as possible. From the data in each case a 
recrystallization diagram was constructed. It was found 
possible to relate the critical degree of deformation at any 
chosen annealing temperature for the three different types 
of cold deformation by expressing the degree of deforma- 
tion either in terms of specific shear or better (following 

Vadai), in terms of octahedral shear. Experiments on 
the effect of time of anneal were also carried out. 


z HE study of the various factors which determine the grain sizes 
and structures of metals which have been cold-worked and an- 
nealed started about ninety years ago and considerable work has been 
done in the past twenty years. Some of this work has been dane 
because of the growing scientific interest in single crystals of metals ; 
some because of the industrial importance of avoiding the production 
of coarse crystalline products in the working and fabrication of 
metals ; and some for sundry and scientific purposes. 

The purpose of the present work is a study of the type of 
deformation in relation to the process of recrystallization on anneal- 
ing after cold work. Three types of deformation were studied; 
shearing deformation in a twisted bar, elongation in tension, and 
compression in rolling. For each case a “recrystallization diagram” 
was determined with the experimental conditions as nearly alike as 
was feasible. 


Out to 


In addition, various special experiments were carried 
gain an insight in the influence of several other factors which 
are 


ere operative in the phenomena of recrystallization. The two chief 
‘actors which determine the grain size which results in a piece of 
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held VY iper presented before the Twentieth Annual Convention of the Society 
iC iC Nn r;/ " = rr . . 
Div; a roit, Qetober 17 to 21, 1938. The authors are associated with the 


Physical Metallurgy, Naval Research Laboratory, Washington, 
script received June 24, 1938. 


07 


wad 



























28 





TRANSACTIONS OF THE A. S. M. March 


metal when it is cold-worked and subsequently annealed are the 


degree of deformation and the temperature of annealing. It is quite 


obvious that in spite of the importance of these two factors there are 
other factors involved, such as the time of annealing, the kind oj 
mechanical deformation, the temperature of deformation, the cop- 
centration and nature of impurities in the metal, the grain size and 
structural peculiarities of the starting material, the previous history 
of the material, and so on. The nature and number of these factor: 
almost discourages a comprehensive complete treatment of this sub- 
ject even for a single metal but at least something may be accom- 
plished by concentration of experiments on particular factors. 

A. brief historical review of work done on the recrystallization 
of iron and steel will not be out of place here. 

In 1858 Nogues(1)* made mention of a coarse crystalline struc- 
ture that appeared in platinum wire netting heated for days in a re- 
ducing gas flame and showed that this was true on the wire cros 
section as well as on the surface. The only conclusion he drew was 
that the high temperature exerted an influence on the molecular struc- 
ture of the platinum. 

In the next twenty years nothing further was done until in 188! 
the observations of an obscure worker, Kalischer (3), were published 
However, in this interval appeared the work of Sorby (2) inaugurat- 
ing the beginning of metallographic examination of metals, but not 
until some time later did Sorby (5) publish work on recrystallization. 
Kalischer recognized that not only the temperature of annealing but 
the deformation itself were factors. Kalischer made experiments ot 
quite a range of technical metals including iron. In 1883 Ledebur 
(4) and later others working with iron and other metals showet 
that the time of annealing exerted an even greater influence than the 
temperature of annealing. Ledebur used wrought iron and notice? 
the production of a very coarse crystalline structure from the pre 
viously “fibered” rolled structure. This fact was verified by Sauveut 
(6) in 1893, by Stead (7) in 1898, and still later in 1913 by Moellen- 
dorf and Czochralski (21). Stead (7) called attention to a brittle 
ness sometimes termed “Stead’s brittleness” in rolled and annealed 
sheet iron, which brittleness is caused by the formation of a Ve) 
coarse-grain structure. Czochralski (82) has drawn up a very inter 
esting historical summary of this early work which may be -onsulted 
for further details in this field. In 1915 Chappell (25) pub 


this pape 


1The figures appearing in parentheses refer to the bibliography appended ' 
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lished a classic paper on the recrystallization of iron in which he 
carefully took into consideration a number of factors including degree 
of deformation, temperature and time of annealing, and carbon con- 
tent and carefully followed the course of recrystallization with in- 
creasing temperature, observing the lowest temperature of recrystal- 
lization. In 1916 Czochralski (82) published a paper on the re- 
crystallization of tin in which he introduced the idea of graphically 
representing the results of a recrystallization study by means of a 
space diagram, that is, a rectangular co-ordinate system where the 
co-ordinates are grain size, degree of deformation and annealing tem- 
perature. Although this has limited application it has found exten- 
sive use during recent years in presenting recrystallization studies. 
In 1918 Oberhoffer and Oertal (45) developed a recrystallization 
diagram for electrolytic iron following Czochralski and in 1920 Ober- 
hoffer and Jungbluth (35) developed a similar diagram for commer- 
cial iron. For commercial iron they found, as did Pomp (33), that 
the grain size appeared to be a maximum for a cold deformation of 
about 10 per cent reduction in height, a phenomenon which they did 
not find in the case of electrolytic iron. They also found that the 
grain size was dependent on the time of annealing. What they de- 
scribed as a peculiarity in commercial iron probably is not a pecu- 
larity at all. For all metals there is a degree of plastic deformation 
termed the critical deformation below which no marked grain en- 
largement takes place at a given temperature of annealing. In 
commercial iron this is greater than in electrolytic iron. 

Following upon this came the work of Hanemann and 
Lucke (46) introducing a new departure from previous methods 
of study. They studied the grain size which appears in metals when 
worked at various temperatures. In previous work the deformation 
was carried out cold and this left the temperature of deformation as 
an uncertain variable. Their procedure combined the temperature 
of annealing with the temperature of working. Some very interest- 
ing results have been obtained by following such methods. Their 


results are also expressed in the form of recrystallization diagrams. 
The 


| work in recrystallization has since been carried out in varied 
directions 


Hanemann and his co-workers have applied their method 
Of study . ri ane ~ . . ’ 
i study to the hot rolling process (72). Considerable interest has 


rise 49 ‘ " act . . . ° ' . 
en in the past years in iron single crystals and their properties, 
eS 19} 4 . ° . o “ ° o 
Peciai'y their magnetic properties. The finding of the necessary 
condit 


‘or producing iron single crystals has led to various works 
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(44, 52, 57, 60, 68, 73, 74 and 81) allied to recrystallization, Ap- 
other stimulus has been the question of the relation between mag- 
netic properties and the grain size and some work (68, 69 and 81) 
in recrystallization has been carried out for this purpose, such as that 
of Moos, Oberhoffer and Oertel (69) who studied the recrystalliza- 
tion of transformer steel sheet. 

Other scientific problems have called for special studies, such as 
orientation of crystallites produced in deformation and annealing 
(52, 60, and 75), internal stresses in metals (49, 59, and 78), the 
effects of hydrogen on the recrystallization of electrolytic iron (53 
50, 48, 36, and 71), peculiarities in the microstructure of ferrit 
(65, 70), etc. Particular studies have been made in regard to th 
structure of rolled sheet products (54, 66, 75, 76, 77, and 79 
Ahrell (63) has made a study of the recrystallization of 0.11 per 
cent carbon cold drawn steel tubing. He has expressed his result in 
conventional diagram form and in addition has brought out th 
rather interesting result that the time of annealing becomes more an¢ 
more important the smaller the degree of deformation. 

Space does not permit a lengthier discussion of the work don 
on the recrystallization of iron and steel, especially that of the past 
few years, and therefore a bibliography intended to be as compre- 
hensive as possible has been appended to this paper. 


RECRYSTALLIZATION OF ARMCO IRON DEFORMED BY J|ORSION 


Material and Mechanical Deformation—The material used 1 
this work was l-inch round Armco iron bar stock. Two lots wer 


received having the composition given below : 


Lot 1 Lot 2 

Per Cent Per Cent 

Carbon 0.015 0.011 

Manganese —— 0.012 

Phosphorus 0.008 0.004 

Sulphur 0.027 0.028 

Copper —— 0.041 

Silicon 0.008 —— 
While these compositions are practically the same, Lot 
o . . - . . . Tho 
probably of higher purity, for less inclusions were noted im it. The 
material was sawed into bars about 11 inches in length which wer 
turned smooth to a diameter of 43 inch. (See Fig. 4(a) ) These 
were then packed in asbestos, heated 3 hours at 930 degrees Ue 


(1705 degrees Fahr.) and cooled in the furnace. 
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Light reference lines for subsequent measurement of the amount 
of permanent torsion were engraved upon the bars. ‘The bars were 
then twisted various amounts in a torsion testing machine. The 
amount and uniformity of the torsion in each case was determined 
from measurements on the engraved lines on the bars. The torsion 
was surprisingly uniform. A bar (Specimen B) from Lot 1, repre- 


senting a range of specific shear, 0 — 0.125 per cent, equivalent to 
a range of elongations 0 — 11.5 per cent, was selected for further 


studv. This bar, which furnished the data of Table 1, was sawed 
into cylindrical samples % inch in height. 

Annealing Treatments—The cylindrical samples were annealed 
at the following experimental temperatures: 300, 400, 500, 600, 700, 
760, 780, 800, 825, 850 and &75 degrees Cent. (570, 750, 930, 1110, 
1290, 1400, 1435, 1470, 1515, 1560, 1605 degrees Fahr.). The time 
of annealing was generally taken at 3 hours except where specified 
otherwise in Table |. To eliminate the effects of annealing at tem- 
peratures other than those here studied, it was decided to carry 
out the heating operation as rapidly.as possible and thus the sample 
wrapped in copper foil (to minimize surface oxidation) was 
dropped into a hole in a massive copper block held in the furnace at 
the desired temperature. At the end of the annealing period ‘the 
sample was quenched. 

Metallographic Studies—In the initial part of this work each 
specimen was examined both on sections through and perpendicular 
to the bar axis; but upon finding that the structures produced by the 
annealing treatment were equiaxed, only the normal sections were 
used in later studies. Photomicrographs were taken on the prepared 
normal section at different distances from the center both before and 
after annealing. These served to determine the grain size by the 
usual counting method. In those samples where the largest grains 
were very large, the largest grain sizes were determined from grain 
counts between concentric circles drawn upon a macrographic view 
of the whole section. 

_ Effect of Annealing Time—A study of the effect of the anneal- 
ing Ume was made by taking microviews of a Lot 1 section, prepared 


alter annealing for 20, 40, 90 and 170 minutes at 825 degrees Cent. 
(1515 


noted, | 


3 he I 


da spec 


legrees Fahr.). No appreciable differences in these were 
ling to the conclusion that the chosen annealing period of 
as ample to insure full recrystallization. Later, however, 
trom Lot 2 annealed for 15 minutes under like conditions 
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Table I 
Grain Size Data from Torsion Bar Study 
Annealing Annealing Radii Av. Gr. Size Ay. Grain Ann 
lemp. time mm. before Size after Sp. Shear I 
r0 
" Hrs. I Anneal* Anneal ¥ r x .0208 
] 
3: 4. 0.063 
6 4.6 4.9 0.125 
4.2 0.188 
400 3 0 4.7 4.1 0.000 
3 4.8 - 0.063 
4 4.3 0.083 
6 4.0 0.125 
& — 4.5 0.167 
9 4.8 0.188 
11 — 6.0 0.229 
500 3 U 4.8 0.000 
2 —- 4.6 0.041 
3 4.0 0.063 
5 5.4 0.104 7 
6 4.8 0.125 
& - ~e 0.167 
10 4.6 0.208 
11] 4.8 0.229 
oUU 
Critic 
Temr 
Radii 
5 ~~ s 
5 . Fea 
2 10.7 - 102 aot 
s ati 39.0 115 Tail 
5 lor rk 
2 beer 
4.3 8.0 
5 6.0 - 0.104 stru 
5.3 — 723 0.111 
5.4 — 684 0.113 typi 
6.7 — 254 139 RB 
8 10.0 34 0 167 s 
9.3 . 17 19 
10.7 — 16 0,223 160. 
1] 8.0 oe? I; 
Sno\ 
All the above data were obtained from Bar Specimen B, Lot 1. sino 
*Grain sizes given in Sq. microns x 10-*. The lowest grain size is around AST™ is e 





No, 5, the largest reported greater than No. 0. 
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Table I (cont’d) 
Grain Size Data from Torsion Bar Study 


Annealing Annealing Radii Avy. Gr. Size Av. Grain 
Temp. time mm. before Size after Sp. Shear 
r 
( Hrs. r Anneal* Anneal y = — = rx .02083 
g 3 1.7 = 17 0.035 
2.0 6.0 - 0.041 
3.2 -— 13 0.067 
4.5 — 21 0.094 
5.0 7.0 1135 0.104 
6.0 - 180 0.125 
7.4 -- 75 0.154 
8.0 8.0 - 0.167 
8.9 ions 63 0.185 
10.0 ‘ 30 0.208 
11.0 6.0 ~- 0.229 
11.4 a 17 0.238 
850 3 2.0 6.0 — 0.041 
3.9 7.0 a 0.081 
4.3 os 2000 0.090 
4.8 ~ 225 0.100 
5.0 6.0 — 0.104 
7.8 — 47 0.163 
8.0 8.0 - 0.167 
10.8 9.0 19 0.225 
8 / 3 1.6 - 9 0.033 
2.0 11.0 - 0.041 
3.9 — 220 0.081 
4.4 - 1570 0.092 
5.0 10.0 — 0.104 
5.9 ; 133 0.123 
79 — 52 0.165 
8.0 10.0 - 0.167 
9.2 -— 30 0.192 
10.5 19 0.219 
11.0 10.0 - 0.229 
ll, _- 21 0.240 
Critical Radii of Recrystallization— 
emp. °C.—Below 760 760 780 800 825 850 875 
Radii, mm — 10 8 4.5 4.1 4.0 2.8 
Sp. Shear — 0.208 0.167 0.094 0.085 0.083 0.058 


tailed to show a complete structure, so 15 minutes should not be 
looked upon as sufficient. The metallographic data obtained have 
been summarized in Table I, and these data have been used to con- 
struct the recrystallization diagram shown in Fig. 1. Fig. 2 shows 
typical microstructure observed in the torsion specimens from Bar 
B, Lot 1, annealed at 780, 825 and 875 degrees Cent. (1435, 1515, 


605 lag aC 4 . > 
1605 grees Fahr.). It must be mentioned here that the curves 


shown in Fig. 1 represent averages of the grain size data from which 
“iigic Ceterminations of the grain size may differ somewhat. This 
IS especially : : ° 

uly true for the data corresponding to the lower annealing 
tempe 


ures 780 degrees Cent. (1435 degrees Fahr.) and below. 
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These show clearly how the critical deformation decreases as the 
annealing temperature increases and also how much more poorly de- 
fined the critical degree of reduction becomes at lower annealing 
temperatures. It may also be noted on these sections that there are 
regions where the recrystallization did not take place, especially in 
the specimen annealed at 780 degrees Cent. (1435 degeres Fahr.). 
Although the ring of largest grains is not very distinct, it appears 
at a fairly definite position radius. This effect may be due to a non- 
uniform distribution of the impurities in the metal, causing some 
regions to behave differently from the rest, but an annealing time 
study at 825 degrees Cent. (1515 degrees Fahr.) showed that there 
was little change in the shape and size of these areas as the annealing 
time was increased from 20 minutes to three hours. 

In the diagram of Fig. 1 the vertical portions of the curves for 
800 degrees Cent. (1470 degrees F.) and higher were located to show 
as closely as possible the minimum shear at which large grains were 
formed. For the 780 degrees Cent. (1435 degrees Fahr.) curve this 
line could not be drawn because the grain sizes tapered to a maximum 
over a range of radii. It should be noted that the curve for 76 
degrees Cent. (1400 degrees Fahr.) shows a-slight peak, correspond- 
ing to a specific shear around 0.10. 

Since the point of main interest in this work was always th 
effect of a particular annealing temperature on a particular mechani- 
cal deformation, no study of the rate of heating was attempted 
Low heating of the specimen would have meant exposures for appre- 
ciable lengths of time to annealing temperatures other than the par 
ticular one being studied. Although this does not preclude the 
possibility that the rate of heating may influence the results in this 
work, a uniform technique of rapid heating was followed. 

The effect of time of heating was at first studied only at 82 
degrees Cent. (1515 degrees Fahr.) and led to the conclusion that 
the results would be about the same in the range 1% hour to 3 hours 
However, it might be suggested that annealing for long periods 0! 
time at lower temperatures might bring about effects not noticed 1" 
the initial work. This proved to be so and some results obtained wi! 
be described and discussed later in their proper connection 

A factor that could not be studied or controlled well in this work 


was the initial grain size. Although a much smaller initial grain s!7° 

° ] 
would have been welcome, that obtained here was probabl 
as small as could be hoped for after the necessary normalizing treat 
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ment to remove, as far as possible, the effects of previous history. 

To make sure that the data given in Table I are truly character- 
istic of the material, two torsion bars with different degrees of maxi- 
mum shear were prepared from Lot 2 stock. Samples from these 


300 
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2°re 
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/0O 





Os SO 
Qo ft, 


Fig. 1—Recrystallization Diagram for Armco Iron as Determined 


by Studies on Torsionally Deformed Bars. 


were annealed as before at 780, 800 and 850 degrees Cent. (1435, 
1470, 1560 degrees Fahr.) and the resulting structures obtained ate 
shown in Fig, 3. The critical deformation given by the critical 
radii in the two bars are in substantial agreement with each other and 
also with that obtained from the bar of Lot 1. This agreement will 
be illustrated again later in connection with the correlation of critical 
degrees of deformation in various types of cold work, as may be seen 


in Table V A. 
RECRYSTALLIZATION OF ARMCO IRON DEFORMED IN TENSION 


Lf Aaa rn . ‘ aa 
‘atertal—The material was Lot 2 Armco iron. This was ma- 


“hh; i] ten . : oe « . . . n° 
chined into nine bars of the dimensions shown in Fig. 4(b). 


_ * retumimary Heat Treatment—The bars were wrapped in copper 
toll anc-an additional wrapping of asbestos paper. Since the material 
\ h Gaal . 8 ne 7 

nu ck condition showed an unsatisfactory grain structure, 
COaTS¢ 


aims being interspersed through the finer grained matrix, it 
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was heated back and forth through A, for about three-quarters of an 
hour. This treatment produced a structure which was fairly uniform, 

Deformation—In order to measure the amount and also the uni- 
formity of elongation, scratches were spaced one-half inch apart on 
the surfaces of the bars. This spacing was carried out by means of 


ae 2—Macrographs of Torsion Bar Samples After Annealing (A) 780 Degrees 
Cent., 3 Hours; (B) 825 Degrees Cent., 170 Minutes; (C) 875 Degrees Cent., 2 Hours 


the dividing screw of a lathe. The bars were then elongated in 4 
tensile-testing machine to approximately 2, 4, 5, 6, 8, 10, 16 and 2 
per cent elongations. Then the elongation and the uniformity of the 
elongation in the bars were measured by means of a comparatol. 
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Final Heat Treatment—Although the elongation was found to 
be uniform, the division of the material for heat treatment was car. 
ried out according to a system. Fig. 4 shows the manner jp 
which the samples were lettered. Each sample (about ™% inch iy 
length) was punch marked with the number of the bar and the 
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> 2 \e- 
Jorsion Bar 


~~ -2hy" —><— —-—— -- — 


—— aaa 
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Tensile Bar 
- 


| EI tele eae ta 8 
| %' be 
Rolling Bar 


Fig. 4—Initial Dimensions of Samples. A. Torsion Bar. B. Tensile 
Bar. C. Rolling Bar. Transverse Lines Indicate Manner of Taking 
Samples. 


letter indicating the position in the bar according to the above sketch 
The marking preceded the division of the bars into samples. Th 
“G” samples from each bar were reserved for the comparison of th 
cold-worked stages. The other samples were heat treated according 
to the table below: 


Annealing Temperature Time 
Sample Degrees Cent. Hours 


E (all bars) 875 
F (all bars) 825 
H (all bars) 780 
D (all bars) 760 
I (all bars) 700 


Microscopic Work and Photography—The grain size was meas 
ured on the cross section of each sample. Usually four measure 
ments spaced at about equal intervals across the diameter were take? 
In the case of samples manifesting coarse grains, it was frequentl) 


noticed that many small grains were located in the grain boundaries 
o . . ° 4 4 Id 
of the large grains. Making a grain count gave a result which cow’ 
‘ : ‘ : ; . am P ial 
give no hint of the size of the large grains. Therefore ‘1 SU” 
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cases grain counts were also made in which the grains having a cross 


section small compared to that of the larger were ignored. 

After the grain count work was completed, photomacrographs 
were taken of the cross sections of all the annealed samples. The pur- 
pose of this work was not only to get a series of representative views 
of typical structures resulting from the annealing, but also to study 
the effect which the superimposed deformation of punch marking 


had upon the samples. 


Table Il 
Summary of Grain Count Data, Tension Strained and Annealed Armco Iron 





Annealing: - " 


Per Cent Elongation ———— ——___—__—_——, 

Temperature: 1.1 3.46 4.72 6.14 7.83 8.63 15.93 19.90 
Degrees 

Cent 

700 4.42 5.60 6.51 3.31 5.56 4.19 5.05 6.308 

760 3.56 3.50 4.25 5.34 10.13 8.91 4.23 5.80 

760* . . 38.00 27.07 ~— a 

780 3.37 5.83 5.35 5.46 52.8 7.30 5.18 6.96 

780* 10.24 . 7.9 — 

825 3.94 3.90 43.04 54.35 47.65 5.42 4.10 5.48 

g25* ; 219.2 108.5 33.7 1 - — 

87 Sad 5 


72 4.76 139.4 100.7 55.0 46.9 


AZ 5.71 


ce 
tAll grain sizes given in square microns x 10-* 


*Grain counts made neglecting the relatively small grains. 


Critical Reductions** Corresponding to the Annealing Temperature. 


\nnealing Temperature : 875 : 825 : 780 : 760 : 700 
Critical Reduction : 4% : 1% : 6.2% : 7% : — 


**These values except the one for 780 degrees Cent. were taken as the mean of the 
two lowest percentages of reduction between which there is a marked change in grain size. 
That for 780 degrees Cent. was chosen as the smaller value because at this value a 


noticeable increase in grain size was observed. 


ae oe - . . ry. . , one 
Hiscussion of Results Obtained in Tension Work—The data 
obtained has been plotted in a recrystallization diagram shown in 


Fig. 5 for comparison to the diagrams obtained from the other experi- 
ments. The difficulty of making a satisfactory grain count on the 
specimens because of the presence of numerous fine grains in the 
srain boundaries made necessary, as mentioned before, a separate 
grain count in which the grains of c ymparatively small cross section 


vere not counted. For the samples annealed at 875 degrees Cent. 
(1605 degrees Fahr.) this procedure was not required but for those 
anneale| at lower temperatures it was quite necessary in order to 
show what the size of the largest grains produced by the mechanico- 
therma! treatment really was. The curves corresponding to each an- 
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nealing temperature except 875 degrees Cent. (1605 degrees Fahr.) 
have been modified and the modified form of the curve used to plot 
the space diagram. 

Fig. 6 shows a set of macro-views for series E tension-strained 
samples annealed at 875 degrees Cent. (1605 degrees Fahr.) for 1,5 
hours. An inspection of the photomacrographs will show that the 
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Fig. 5—Recrystallization Diagram for Armco Iron as Determined 
y Studies on Tensile Bars. 


above arbitrary procedure was quite justified in order to get a true 
picture of the size of grains that will result in any particular treat- 
ment. These pictures also show the effect that punch marking the 
specimens had upon the recrystallization structure. This effect seems 
to vary from sample to sample. 

In the diagram constructed the critical values were more or less 
arbitrarily chosen as mean values of two deformations between whic! 
there occurred a marked change in the grain size. Therefore a 
inspection was carried out of all the photomicrographs taken in this 
work to note the degrees of deformation between which the structur' 
passes from the worked to the non-worked state for any particulat 
annealing temperature. 

The results of the above inspection regarding the critical strait 
corresponding to each annealing temperature have been summarize¢ 
in Table III and compared with estimates made from the grain si 
data and from an inspection of the photomicrographs of the com 
plete sections. The agreement is close enough but there always ™ 
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Fig. 6—Macrographs of Tensile Specimens Elongated Amounts Shown and Annealed at 
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mains the possibility that the values obtained from an inspection of 
the photomicrographs are slightly too high because of a misinter- 
pretation of the appearance of sections. That is, what may seem to 


Table It! 
Critical Deformations Corresponding to Each Annealing Temperature 


Critical Elongation Per Cent 
Judged from 
Temperature Judged by Grain Judged from Photo Appearance of 
Degrees Cent. Size Data micrographs Photomacrographs 
875 3.46 — 4.72 3.46 — 4.72 3.46 — 4.72 
825 3.46 — 4.72 3.46 — 4.72 3.46 — 4.72 
780 6.14 6.14 — 7.83 about 7.83 
760 7.83 — 8.63 about 7.83 about 7.83 
700 19.9 (?) — 10% 


be a cold work structure may in reality be an initial grain decomposi- 
tion preceding recrystallization. In the above inspection this diff- 
culty was kept in mind but the structures accepted as completely re- 
crystallized were those in which no trace of either cold work or 
incipient grain decomposition could be seen. 


RECRYSTALLIZATION OF ROLLED ArRMcCO [RON 


Initial Heat Treatment and Preparation of Matertals—Roun 
bar stock (Lot II) of 1l-inch diameter was machined into squar 
bars 4%” x 4” x 12”. These were wrapped in several thicknesses o/ 
copper foil and a layer of asbestos. The material was introduce¢ 
into an electric muffle furnace at about 870 degrees Cent. (1600 de- 
grees Fahr.) and was heated and cooled several times through A 
as in previous work. The upper temperature attained was 923 degrees 
Cent. (1695 degrees Fahr.) and the lower temperature 875 degrees 
Cent. (1604 degrees Fahr.). After heating between these limits 
several times during 1% hours the material was finally furnace 
cooled down to 910 degrees Cent. (1670 degrees Fahr.). 

This treatment did not produce satisfactory conditions in th 
material. Therefore another treatment was given in which th 
material was kept at 923 degrees Cent. (1695 degrees Fahr.) tor tw° 
hours, the idea being to cause growth of the fine grains caused }) 
the transformation and thus equalize out the grain size contra. 
This treatment caused excessive grain growth in spots. The malt 
rial was therefore again heated 923 degrees Cent. (1695 degree 
Fahr.) and allowed to cool to 893 degrees Cent. (1640 degree 
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Fahr.). This was repeated about three times. The resulting mate- 
rial showed on examination a structure which although not entirely 
uniform was acceptable. 

The above operations caused enough oxidation of the surfaces of 
the bars to make necessary a light regrinding of two parallel sur- 
faces in order to make an accurate determination of the percentage 
reduction in rolling. 

Deformation—The samples were all cold-rolled by several 
passes through rolls of about 12 inches in diameter. The work was 
started with the smallest required reduction and subsequent pieces 
were rolled on their first pass to the final required thickness of the 
previous sample and were finished by two to six more passes through 
the rolls. The samples requiring the greater reductions were thus 
rolled down in much severer steps. Micrometer readings of the 
thickness of the samples were taken before and after rolling at 
several points along the bar, and their averages were used to com- 
pute the actual per cent reduction of the bars. The thickness of all 
of the bars before rolling was very close to 0.565 inch. In the rolling 
it was attempted to obtain certain percentages reduction. These are 
listed below along with the percentages obtained. 


Expected Per Cent : 1 2 3 4 6 8 10 15 30 
Obtained Per Cent : 0.70 1.74 2.98 4.15 5.99 802 10.05 14.71 29.82 


Final Heat Treatment—After rolling, the bars were cut up 
according to the plan shown in Fig. 4 by means of a slow band 
saw, the specimen being kept cool during the sawing by an air blast. 

The samples were heat treated according to the table below: 


Annealing Temperature Time 
Sample Degrees Cent. Hours 
\ (all bars) 875 3 
B (all bars) 850 3 
C (all bars) 825 3 
D (all bars) 800 3 
EK (all bars) 780 3 
F (all bars) 760 4 


J (all bars) Not annealed 


Thi 


<a amples were wrapped in copper foil and introduced into 
the turn; 


| ice at the required temperature. A piece of plate copper, 

inch thick, formed the floor of the furnace. At the end of three 

101 be gi ie ata . . : : 
Irs t imples were removed from the furnace and cooled in air. 
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Each sample was cut across the direction of the bar at a position 
half-way between the original cut ends of the sample. This cy 
surface was used for microscopic examination. 

Microscopic Examination and Grain Size Determination—T, 
minimize labor and expense, photomicrographs were not taken s) 
extensively as they were in the experiments on Armco iron deformed 
in tension. Photomicrographs were taken of each_of the worked 
samples (Series ]) and used in determining grain size of these sam 
ples but for all other samples grain size counts were made on the 
ground glass of the metallographic camera. However, each sample 
was carefully examined over its whole section to note peculiar fea. 
tures. In some of the samples large grains appeared in isolated 
places on the sample or in groups in certain regions of the sectio 

To measure the sizes of these large grains they were traced oi 
the camera back and their areas obtained by means of a planimeter 
As in the work on tension-strained Armco iron it was noted thal 
fine grains often coexisted with very large grains. The planimetri 
tracings did not take these into account and thus gave a measure 0! 
the sizes of the largest grains formed. Grain size measurement: 
were made as exactly as possible on each specimen, in the center oi 
the section and slightly to each side of the center. The grain six 
and structure data for these experiments is somewhat more involved 
than in the experiments on pieces strained in torsion and elongation. 
The data are arranged below in Table IV to give not only the exact 
grain size values determined at the centers of the sections but als 
structural peculiarities and sizes of large grains. Fig. 7 shows thi 
recrystallization diagram constructed from the data. Here the plan- 
metrically determined grain sizes are presented. 

Discussion of Results—In this work the same-sort of difficult 

in grain size determination appeared that was found in the work 0 
tension strained Armco iron. As before, there was also noted not 
uniformity of the recrystallization structure for the smaller degre 
of deformation. It was found that rather small reductions of 3 a0 
4 per cent were sufficient to cause the appearance of very large graltis 
just below the rolling surface of the piece. Then as the percentage 
reduction was increased, the large grains began to be formed on the 
sides of the section as well as just under the surface. On increasili 
the deformation, there appears an inversion of the structure. Lats 
grains appear at the center of the section while the borders 
relatively small grained. As the deformation is still further ™ 
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dosition — ——— : a veer aee alertness 


his cut Table IV 
Grain Size Data Obtained From Rolled and Annealed Armco Iron Samples 
on—To Annealing Grain Size Sizes of 5 
Temperature Percentage at Center Largest Grains 
aken 5 Degrees Cent. Reduction (m*xl0-*) (4 °x10-%) Remarks 
»f ormed 975 0.70 19.76 Unrecrystallized. 
" | 875 1.74 21.54 Unrecrystallized. 
worked 87 2.98 17.64 Large grains appear near surface. 
, 87 4.15 20.08 hie Large grains appear near surface. 
se san 87! 5.99 21.57 606 Large grains in surface. Center 
os still unrecrystallized. 
on the 875 8.02 37.10 303 Large grains form in center. 
Corners remain unrecrystallized. 
1 sample 875 10.05 31.57 136 Large grains form in center. 
r Corners remain unrecrystallized. 
liar fea- 875 14.71 23.16 Structure uniform. 
S 875 29.81 15.93 Fine grain. 
isolated 
: 850 0.70 18.57 Unrecrystallized. 
sectio! 850 1.74 21.26 Scat Unrecrystallized. 
850 2.98 18.96 68 Large grains appear near surface. 
raced 01 85¢ 4.15 19.33 134 Large grains on surface and sides 
s 850 5.99 18.11 Sai Large grains on surface and sides. 
inimeter 850 8.02 40.31 107 Large grains form in center. 
850 10.05 35.28 140 Uniform recrystallization structure. 
ited that 850 14.71 21.38 Fairly uniform. 
: 850 29.81 12.76 Fine grain. 
animetr! 
; : 825 0.76 21.09 Unrecrystallized. 
easure 825 1.74 25.75 Unrecrystallized. 
i aan 825 2.98 27.31 Unrecrystallized. 
uremenis 825 4.15 22.56 Unrecrystallized. 
‘enter oi 82 5.99 25.38 Large grains appear on surface 
Ce and sides. 
rrain ci7t 82 8.02 83.80 428 Large grains on whole section 
—" =: except in corners. 
| involve 825 10.05 49.07 140 Large grains on whole section 
: except in corners. 
longatiot 825 14.7 24.08 Complete recrystallization. 
gall 825 29 8] 13.01 Fine grains. 
1e exacl 
tl : 800 0.70 23.82 Unrecrystallized. 
; but als¢ 800 1.74 19.26 Unrecrystallized. 
800 2.98 25.51 Unrecrystallized. 
shows th 800 4.15 17.64 Unrecrystallized. 
800 5.99 23.09 Unrecrystallized. 
the pianl- OUI 8.02 23.41 +" Slightly larger grains in surface. 
800 10.05 33.93 110 Large and small grains formed 
except in corners of section. 
elo 80 14,71 18.21 Fairly uniform structure. 
ditheult 801 29.81 9.53 Small grain size. 
p work 50 0.70 22.10 Unrecrystallized. 
xd non oo 1.74 17.49 Unrecrystallized. 
yoted huv ZOU 2.98 24.52 Unrecrystallized. 
1 degrees Z 4.15 19.62 Unrecrystallized. 
er GC; 4 5.99 22.04 Unrecrystallized. 
¢ 2 and = 8.02 20.82 Unrecrystallized. 
5 Ol ¥ man av 7243 Slightly larger grain size. 
* es of ».O¢ 
irge gral 780 29.81 oe, 
percentas® 760 0.70 ak 
ed on th 100 1.74 20.37 U stallize 
ed on ¥ 760) +* x Jnrecrystallized. 
. 760 2.98 19.46 Unrecrystallized. 
increas on 4.15 “3 
a £60 5.99 19.28 
re. Large aoe 8.02 hs 
4 ik A <a 17.09 Possibly a slight grain size increase. 
’ s a ? J jaca 
rer 760 29.81 6.37 


yrther i 
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Critical Percentages of Deformation as Judged from the Data from Table Iv 


Annealing Critical Reduction for 
Temperature Surface Grains 

875 

850 

825 

800 

780 


760 10.05 


Critical Reduction for 
Center of Section 
5.99— 8.02 
5.99— 8.02 
5.99 8.02 
8.02—10.05 
10.05 
10.05—14.71 


creased, the structure becomes more and more uniform over the 
whole section. This series of transitions is illustrated in Fig. & by a 
series of macrographs for the samples of series A. 

The observed phenomena are easily attributed to nonuniformity 


of deformation in the rolling process. In spite of this nonuniform 
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Fig. 7—Recrystallization Diagram for Armco 
Studies on Rolled Bars. 


Iron as Determined 

structure it 1s possible to follow the practice of past workers on 
recrystallization and limit consideration to the center region of the 
cross section. The grain size curves accompanying this report have 
been obtained from the grain size values obtained for the center 0! 
the section. It was found that, as was found in the work on tension 
strained material, the relatively large grains formed for a critical pe’ 
cent reduction were often accompanied by minute grains in the gral! 
boundaries which, when an accurate grain count was taken, woul 
bring the grain size down to a value giving no hint of the size 0! the 
largest grains produced. Accordingly, at those deformations at whic 
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10.05 % 4.15 % 


14.71% 





ss Macrographs of Rolling Bar Specimens Rolled Amounts Indicated and 
mn ' at 875 Degrees Cent., 3 Hours. 
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relatively large grains appeared, the values of the sizes of the largest 
grains, determined from planimetry of tracings, were used to modify 
the grain size curve. In plotting the space diagram these modified 
grain size curves were used, to conform with the practice adopted in 
plotting the results of the tension-straining and annealing work. 

The critical percentages of reduction necessary for the formation 
of large grains at the center of the section and also near the surface 
of the specimen have been tabulated. Of course these cannot be 
stated exactly because the critical reduction generally would occur 
between two values used in the experiment. These limiting values 
are therefore used in the table. It will be noted in this table that the 
critical deformations corresponding to the metal near the surface are 
much less in value and more sharply defined than those corresponding 
to the center of the section. Those for the center of the section are 
considerably higher than the values reported in the work on bot! 
tension and torsion-strained Armco iron. <A very similar result was 
obtained, however, in some experiments on the recrystallization of 
hammered Armco iron. 


REVIEW OF RESULTS 


The primary interest of this paper is not in the grain sizes that 
appear in the recrystallization but rather the relationship between th 
amounts and kinds of cold deformation required to produce recrystal- 
lization. The grain size is dependent not only upon the deformatior 
but also upon such other factors as impurities, initial grain size, etc 
The reader may gain an insight into these various factors from som 
of the references given at the end of this paper. 

Most of the data of this paper have been summarized in Figs 
1, 5 and 7 which are the recrystallization diagrams obtained when the 
kind of deformation was torsion, elongation and rolling, respective!) 
Figs. 2, 6 and 8 give photomacrographs which illustrate the general 
features of each case. These recrystallization diagrams, it must b 
repeated, are valid only for conditions under which the experiments 
were performed. One of these is that the time of annealing w® 
shown of moderate length so that the subsequent effects of gral! 
growth were minimized. The effect of time of annealing will be 
mentioned again. 

In the diagrams of Figs. 1, 5 and 7, there may be seen a cur'® 
in the base plane of the diagram which gives approximately the 
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critical deformation or that minimum degree of deformation required 
to bring about recrystallization at any given annealing temperature. 
In general these curves show that the higher the degree of deforma- 
tion, the lower the temperature required to produce recrystallization. 
[It must be mentioned, however, that toward the lower annealing tem- 
peratures, these critical deformations are more and more poorly 
defined, so that only at the higher temperatures can we look upon the 
critical deformation as a quantity capable of being determined even 
roughly. It would be more correct to regard the critical deformation 
versus temperature curve here discussed as the center of gravity of a 
zone or range of deformations which narrows down as the tempera- 
ture in question is increased. 

The curves in the base of Figs. 5 and 7 are rough curves which 
are intended to show the practical deformation which must be ex- 
ceeded in any case to bring about a large grain structure throughout 
the section in the cases of tensile elongation and rolling. These 
curves do not indicate the degree of deformation at which large 
crystals may start to grow here and there in the section. This must 
be mentioned to avoid misunderstanding in the following discussion 
which centers about the critical deformation required to initiate the 
recrystallization process in any given case. 

Therefore Table V below has been compiled which lists for each 
of the three types of deformation studied and for each annealing 
temperature used, that degree of deformation which is just great 
enough to initiate recrystallization. In the case of torsion strain, 
this is taken as the critical specific shear corresponding to that radius 
in the cylinder bar where a zone of recrystallized grains starts. It 
might be argued that a slightly greater radius corresponding to the 
mean centers of the first ring of grains would be the more likely 
starting point, but as said before, we are here interested in determin- 
ing the least possible degree of deformation at which recrystallization 
has taken place. 

In the cases of tension and rolling, the critical deformation can- 
not be stated more closely than the intervals in the steps by which 
Successive specimens were deformed. Therefore, in the table the 
critical values for tension are indicated by the ranges in which the 
critical deformation is judged to lie, while in rolling, the least reduc- 
tion at which recrystallization took place was chosen because here the 
> were smaller, thus allowing better judgment. 
veing the object of this paper to relate the recrystallization 


inter, 
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behavior of Armco iron deformed in various ways, it is necessary to 
express the degree of deformation in any case in terms of a more 
universal unit. This desired relationship between different types of 
plastic strain has also been sought for in connection with straj; 


Table V 


Correlation of Different Kinds of Critical Deformation in Terms of 
Specific and Octahedral Shear 


A. Deformation by Torsion 
Ann. temp. °C. 
Tr 760 780 800 82: 850 
Sp. shear 0.208 0.131 0.094 O85 0.0584 
¥ 0.166 0.141 0.050 
0.151 0.061 


Oct. shear 0.169 0.107 0.076 0.069 0.048 
Yo 0.136 0.114 0.041 
0.124 0.050 


‘yo mean 0.169 0.121 0.105 0.069 0.0463 0.047 


Where more than one determination is listed for a temperature, the results are fro: 
samples from different bars. Bars from both lots I and II are represented here 


2 A ry” yy" VA 
yo = ( = In J 1 + rytiift+r— 
; 2 4 
I 


3. Deformation by Elongation in Tension 
Tr 700 760 780 825 875 
Al 
q>= — > 0.1593 0.0783 0.0614 0.0346 0.0346 
lo 0.0863 0.0783 0.0472 0.0472 


¥ > 0.3420 0.160 0.123 0.0704 0.0704 
[= -2 In (1—q)] 0.178 0.160 0.0965 0.0965 


Yo > 0.210 0.104 0.0820 0.0470 0.0470 
0.115 0.115 0.0640 0.064 


‘yn mean > 0.210 0.110 0.098 0.056 0.056 
yo = V2 In (1 + q) 


C. Deformation by Rolling 
Tr 760 780 800 825 $50 


> 0.100 0.100 0.080 0.0599 0.0298 U.0295 


Y > 0.210 0.210 0.167 0.124 0.060 Q.06U 
[-2 In (1—q)] 

ya > Gk 
yn" > 0.1 


0.108 0.0823 0.0417 0417 
0.136 0.101 0.049 049 


a") Ss Case of pure shear as in rolling wide plate. 


hardening brought about when metals are cold-deformed in difier 
ent ways. Sachs? has considered this subject and concluded that tht 
hardening in any type of deformation was determined by the maf 
nitude of the deformation measured in the direction of the greates' 
amount of deformation and furthermore that if q is the greate® 


‘Mechanische Technologie der Metalle, Leipzig, 1925, p. 54-62. 
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specific elongation or reduction, it is related to the specific shear y by 
the relation: 
~y/2 
q=l-—e 

when y is small (< 0.1), this is approximated by q = y/2. 

The values of y corresponding to q have been computed in the 
case of elongation and rolling and entered in Table IV. If the aver- 
ages of these are plotted against the corresponding annealing tem- 


t) 


850 


cer 


‘Deg 


825 


4 Averages from Torsion Bars 
o . " Tensile Bars 
° “ * Rolled Bars 


Annealing Ternperature ( 





OO 004 008 Olé Ol6 OO 004 008 Ol? OK 2020 
Octahedra/l Shear Vp Specitic Shear V 
Fig. 9—Curves Showing Relation of Critical Degree of Deforma- 


tion to Annealing Temperature (A) When Critical Deformation is 


Expressed as Octahedral Shear; and (B) When Expressed as Specific 
hear, 


perature as is done in Fig. 9(B), it will be seen that there is fair 
agreement in the case of torsion and elongation but the points for 
rolling are definitely out at temperatures of 825 degrees Cent. (1515 
degrees Fahr.) and less. 

| Nadai? has set up a mathematical theory of plastic strain by 
which plastic strains of finite magnitude may be expressed solely in 
terms cf a pure shear termed the octahedral shear.- He has given 
‘ae by which the octahedral shear may be computed from the 

hear or the principal specific extensions or contractions. 


formu 


speci hy 

a PI. . is . : . . 7 * . 

App riastic Behavior of Metals in the Strain Hardening Range,” I, Journal of 
Vol. 8, March 1937, p. 205-217. 
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The formula for each case is given in Table V, together with the 
values of the octahedral shear (y,) computed from the data. When 
the mean octahedral shear values are plotted against their correspond- 
ing annealing temperatures we obtain the graph of Fig. 9(A) which 
is more satisfying than the one of Fig. 9(B) obtained by using the 
specific shear as the abscissae unit. 

In Table V, part C, may be noted some values of octahedral 
shear (yn*) which are obtained from the formula for the case oj 
pure shear which is about the state of strain found when rolling wide 
sheets. As may be expected, these values do not agree with the 
other data because in this work the rolling was carried out in narrow 
bars in which the deformation is more like a simple compression. 

When it is considered that the agreement of points plotted in 
Fig. 9(A) is good at the higher temperatures where the critical degree 
of deformation can be determined more definitely and still join at 
the lower temperature, the correlation between the results obtained 
from the three different types of cold work is satisfactory. 

Furthermore, it must be remembered that the critical degree 0! 
deformation is not only related to the temperature of anneal but als 
to such other variables as time of anneal, chemical composition, etc 


In fact, the critical degree of deformation is so decidedly dependent 
on the time of anneal that if it were not for the fact that in this work 
the annealing times used at the different temperatures were alway: 
about the same, the above correlations might not have been effecte’ 
at all. 


To determine just how important the time factor is, a few ex 
periments were carried out, the results of which are illustrated i 
Figs. 10 and 11. The former shows the effect of changing the ar- 
nealing time at 875 degrees Cent. (1605 degrees Fahr.) from |° 
minutes to 3 hours. One may note an appreciable change in the 
critical radius and also a decided effect on the size of the grains 
themselves. It must be mentioned, however, that a previous exper! 
ment was made in which two annealing times were 1% hour and ° 
hours and much less difference in results was noted so that it is likel) 
that the 15-minute anneal created only a partial recrystallization, tha 
is, as Ahrell has. pointed out, the time factor is very important at th 
beginning of the recrystallization process. 

However, this does not mean that the time factor vanishes 4 
the time of anneal is increased indefinitely. Fig. 11 shows the effec 
of increasing the time of anneal from 1 hour to four days 4 5 
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different annealing temperatures, all of which had little or no effect 
when used for only 3 hours. 

While at first it may be very disconcerting to learn how decid- 
edly the critical degree of deformation depends on the length of 
annealing time, this is what might be expected to hold from kinetic 
theory. Van Liempt has made an attempt to deduce the temperature 
of recrystallization theoretically by considerations similar to those 
used by Lindemann in his theory of melting. He derived an expres- 
sion for the recrystallization temperature 

K 
Tr = — 
In 47t 
where K is constant or a function dependent on factors other than 
time, such as degree of deformation, etc., y the characteristic fre- 
quency, and t the time of anneal. This equation bears out the experi- 
mental observation that either the critical degree of deformation or 
the recrystallization temperature will depend upon the time of anneal. 

In this connection it is necessary to point out the need for more 
precise use of the term recrystallization temperature. At present it 
is being used indiscriminately for a number of purposes. For ex- 
ample, by it some authors mean the temperature at which a work 
hardened metal will regain its original hardness, irrespective of 
whether or not a change in grain structure has taken place; others 
again use it in place of a temperature metallurgists call the equi- 
cohesive temperature ; while still others look upon it as a fundamental 
characteristic temperature of the metal. This last impression arises 
irom the fact that at higher degrees of deformation the recrystalliza- 
tion temperature changes but little with increasing deformation. 

It was the hope of early workers to relate the structural changes 
in recrystallization to the changes in hardness brought about, but in 
general it was found that those changes in the microstructure charac- 
terizing recrystallization usually occurred at temperatures quite above 
the highest annealing temperature required to remove the effects of 
work hardening. The hoped for relation between hardening and 
recrystallization received an additional set-back by the novel experi- 


> vt Via ts ‘2 ° . 
ment eck and Polyani* who showed that an aluminum single 


. , tr) ] . . 3 . é a . ; . . 
crysta vhen bent increased in hardness and when straightened gained 
stll more in hardness, but showed less tendency to recrystallize on an- 
nealin: 


‘s compared to a piece that had only been bent. Similar effects 


‘urwissenschaften, Vol. 19, 1931, p. 505-6. 


ee 
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were observed in polycrystalline A, by van Arkel and van Bruggen; 
In the present work on Armco iron attempts were made to relate the 
changes in hardness to the changes in structure produced by recrystal. 
lization. Since no obvious relationship could be found these resylts 
have been omitted from this paper. 


x Hectrolytic Iron, Oberhoffer & Oerte/ (45) 
e Mild Stee/, Oberhoffer & Jungbluth (35) 
dlls "  &kdwards & Yokoyama (85) 
as « (Hot Forged) Hannemann (47) 
e ingot Iron, 0.J McAdam Jr (32) 
e Armco Iron (Fig. 9) | i 


Annealing Temperature (Deg Cent) 


yy @ 2  @- 
Per Cent Plastic Deformation 
Fig. 12—Plot of Existing Data in Literature on 


Relation of Recrystallization Temperature to Degree 
of Plastic Deformation for Iron and Mild Steels. 


Fig. 12 shows plotted on a single sheet the available data in the 
literature on the relation of critical degree of deformation to anneal 
ing or recrystallization temperature for pure iron and mild steels 
The considerable variation in these curves obtained by different work- 
ers indicates the importance of the effect of impurities on the re- 
crystallization process. That all of the data could be grouped about 
a mean curve suggests that there is a fundamental relationship be- 
tween critical degree of deformation and annealing temperature chat 
acteristic of the metal itself. To compare the results obtained in thi: 
work with these data, points from this work are included in the figure. 
It may be noted that these agree somewhat with values taken from 
data by D. J. McAdam (32) for American ingot iron and also quite 
oddly with values determined by Hanemann (47) in hot deformation 
(deformation carried out at anneal temperature) for mild steels. !" 
general, the recrystallization temperature of Armco iror. and mili 
steels is definitely higher than for electrolytic iron. 

In conclusion, it must be repeated that the phenomena of ' 
crystallization are complex and that much experimental work directé¢ 


‘Z. Physik, Vol. 80, 1933, p. 763-791, 
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at particular factors, keeping other factors as alike as possible, must 
yet be carried out to get our knowledge of these phenomena on a 
more rational basis. 


SUMMARY 


|. The recrystallization of Armco iron when cold-deformed and 
annealed has been studied for the cases in which the cold deformation 
consisted of torsion, elongation in tension, and rolling. The results 
have been summarized in recrystallization diagrams. 

2. By expressing the degree of deformation in each type of 
cold work in terms of the corresponding octahedral shear, the critical 
degree of deformation so expressed is the same for the three kinds 
of cold work studied. Therefore, by means of recrystallization stud- 
ies in torsionally-strained bars, it is possible to establish the most im- 
portant part of the recrystallization diagram (small deformations— 
high temperature) with attendant simplification of technique. 

3. Studies on the effect of annealing time have shown that as 
has been anticipated by theory, the critical degree of reduction de- 
creases as the length of annealing time is increased. 
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DISCUSSION 


Written Discussion: By H. S. Rawdon, chief, Division of Metallurgy, 
National Bureau of Standards, Washington, D. C. 

The ordinary reader of a paper of this kind falls very far short in his 
appreciation of the very great number of data which must be acquired in order 
to establish any generalization in a field of this kind. Each of the 3-dimension 
graphs summarizes a host of test data. The authors are to be especially com- 
mended for the excellence of their presentation of a subject which might easily 
have been obscured by the inclusion of many unessential details. 

. A very distinct service has been rendered to metallography and par- 
ticularly to workers interested in the subject of recrystallization of cold-worked 
metals by the establishment of the fact that the mode of deformation is unim- 
portant in studies of this kind. The torsional method is far simpler to operate 
than other deformation methods and future workers in this field can use this 
method vith a feeling of security now that it has been shown that the results 
are identi al with those obtained by other straining methods. 

mY Although this study has been confined to a single material, “Armco iron,” 
it 1s believed that the general conclusions reached are applicable to the class 
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of materials represented, that is, “open-hearth iron,” and are not to be re. 
stricted, as the title might indicate, to the special material used. The adyijs. 
ability of designating materials in technical reports by trade names may yer 
properly be questioned. Provided the nature of the material and its sourc 
are clearly set forth, further reference to the material might well be couche; 
in more general terms, i.e., the class of material of which this is a specifi 
example. 

The writer was especially interested in the unusual phenomenon described 
by Beck and Polyani (referred to on page 255) that a single-crystal metal 
specimen, after being deformed and hardened by single bending, recrystallized 
upon annealing, as would be expected, but a similar .specimen bent and re. 
straightened did not recrystallize on annealing. In order to satisfy his curi 
osity, as to what metal was used, the writer consulted the original account 
The metal was aluminum but, by a typographical error in the text, this ; 
described as “an A, single crystal.” For others who may be interested in th 
original report, it may also be mentioned that the journal is “Die Naturwis 
senschaften,” not “Nature,” as given in the convention preprint. 

Written Discussion: 3y H. E. Publow, head, department chemica 
engineering, Michigan State College, East Lansing, Mich. 

I would like to congratulate the authors, Messrs. Kaiser and Taylor, 
their excellent paper. They have contributed much to our knowledge of t! 
effect of cold working on the grain structure of Armco iron. There is onl 
one point that I would like to discuss, the words recrystallization and grair 
formation. Apparently these two terms are used synonymously, thus considerits 
that a crystal of iron and a grain of iron are the same thing. I do not belie 
that a crystal is necessarily a grain, although a grain may consist of a sing! 
crystal. May there not be cases when a grain consists of many crystals: 
crystal should have a definite internal atomic or molecular structure. 
mere fact that a certain etchant gives us a microscopic pattern, I do not thi! 
justifies the assumption that this pattern shows necessarily individual crystals 
An alloy cannot be considered as a mixture of crystalline aggregates, ac! 
having its own individuality; rather the same etched pattern is characterist! 
of the same type only of alloy. Take for instance our normal pearlite, st 
posedly a mixture of ferrite and cementite, this fact being determined | 
visual observation. Yet when the critical temperature is reached on heatin: 
we say that the ferrite and cementite dissolve in one another to produce a s0l 
solution. If either ferrite or cementite were heated alone they would 00 
transform at the same temperatures as they do when combined in the tor 
of pearlite. Does not this mean then that there are other forces and conditi0m 
existing in the alloy than is apparent from their grain structure, and that " 
terms recrystallization and regranulation may not be the same thing? |! , 
specimen of very low carbon steel is pressed in a die distorted and reduce 
in cross section, if it has not been worked too severely, it will not show 
distortion of the grains. It does not seem possible that one grain cam mov 
past another, consequently I do not believe that the pattern which we produ" 
on etching a metal is necessarily the true crystal structure but rather 2 ©” 
bined physical and chemical phenomenon which for similar typé¢ of mela 
shows characteristic patterns. 
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Written Discussion: By A. Nadai, consulting mechanical engineer, 
Research Laboratories, Westinghouse Electric & Manufacturing Co., E. Pitts- 
burgh, Pa. 

These attempts of the authors to correlate the grain size after recrystalli- 
zation with the cold deformation by straining steel in various ways, by tension, 
hy torsion or through rolling, deserve further attention. Although the recrystal- 
lization laws have been investigated by many workers the authors are among 
the first ones who have more thoroughly compared the effects of different types 
of strain on the redistribution of the grains. 

In investigations of a metallurgical nature of this kind an important ques- 
tion of a mechanical nature is hidden. The question must immediately arise 
whether a simple quantity dependent solely on the state of strain exists, which 
could be considered as a measure of the various degrees of plastic deformations. 
The question is by no means simple or an easy one to answer. Under certain 
conditions when certain precautions have been taken during the preparation 
of samples for tests, a polycrystalline metal can be considered as an isotropic 
material. For practical purposes one can assume that it has no pronounced 
directional differences in its mechanical properties in the unstrained state. 

Experiments have shown that this may be true even after the metal has 
heen deformed plastically, provided the permanent strains have not been too 
large. In other words, the further assumption is made that a polycrystalline 
metal after it has undergone plastic deformation is still essentially an isotropic 
material. The shearing strain ¥, which depends on the three principal strains 
can under these conditions serve as a measure of the cold deformation, provided 
that the temperatures under which the plastic deformations were produced are 
sufciently low, so that the effect of another important group of variables, 
namely, that of the strain rates, has not yet become appreciable. With the 
increasing plastic strains, however, conditions certainly will become more 
involved. The fibrous structures found in wires after much cold drawing or 
the preferred lattice orientation in the elongated crystallites after considerable 
cold rolling and other known phenomena to be observed in the structure of 
metals after considerable deformation seem to indicate that with increasing 
plastic deformations mechanical isotropy is lost gradually—large amounts of 
cold work applied to an originally isotropic metal gradually change it into an 
anisotropic material, in which the mechanical properties (both the elastic and 
the plastic ones) depend on the direction in which one investigates them. It 
deserves to be commended that the authors have confined their work to the 


fo ’ Tange Ef : ® : : : 
‘ormer range ot strains and by restricting the amounts of cold deformation to 


smaller orders of magnitude, were able to find a good agreement between the 
alter recrystallization and the previous cold deformation. 

" M. FE Jupktns:* I should like to ask as a matter of personal interest 
about the effect of hardness upon the rate of recrystallization which would seem 
to be related to viscosity or rigidity which is in turn hesitate’ ‘im: Teiadintin: 
| should like to ask if hardness determinations of the resultant EE 
uent upon the cold working were obtained? The increase in hard- 
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Authors’ Reply 


The experimental conditions in this work were such that there is reason 
to feel that the equations derived by Dr. Nadai should be valid. The deforma. 
tions were carried out at room temperature and in the cases of torsion and 
tensile elongation the rates of deformation were low. In the rolling they were 
moderately so. Thus the conditions favor the absence of the strain rate effects 
that Dr. Nadai mentions. Next, granting that the results of these experiment: 
show that a definite state of strain characterized by the octahedral shear ; 
necessary to initiate the recrystallization process upon annealing at some spe- 
cified temperature, there is still lacking a physical interpretation of this fac 
There remains the task of drawing a physical picture of what happens when 
a given crystal in this critical state of strain grows, upon heating to an 
elevated temperature, into a new crystal. The fact that the critical strain js; 
dependent on the time of anneal and other variables makes the problem even 
more complex than ever. It is likely that atomic theories of recrystallization 
and plasticity such as proposed by Dehlinger and others will eventually giv 
an insight into the actual mechanism of recrystallization. 

We share with Dr. Rawdon the wish that the results obtained with this 
particular metal Armco iron may apply to other single phase metals, but 
extrapolating from what is known to what is unknown is always uncertain 
It is known, however, from the literature on the recrystallization of single 
phase metals that their recrystallization behaviors are strikingly similar ;s 
that it is quite likely that we should find a similar relation in other metals 
between degree of cold work expressed in its simplest possible unit and th 
recrystallization temperature. We thank Dr. Rawdon for calling attention 
to the error in print and in the quoted reference on the bending and recrysta 
lization of aluminum single crystals. 

Dr. Publow’s remarks indicate the need for a concise terminolog) 
describing recrystallization phenomena. Whether or not a grain is truly 
crystal depends in the last analysis on whether X-rays will show that all the 
atoms within it are aligned in a single perfect or nearly perfect geometrica 
array. This definition of a crystal can perhaps be made so strict that no red 
grain can satisfy it due to its natural imperfections. In general in heal 
treated iron the nature of the etch pits on a section is such that we can feel 
fairly sure that we are dealing with crystals. The word “grain” has bee! 
used in this paper to designate the individuals in the microsection and at time 
includes both strained and unstrained metal. Its meaning is thus moré general 
than the word “crystal.” 

Mr. Judkins’ questions on the hardness conditions existing in the specimens 
are interesting, but as mentioned before no obvious relationship could be foun 
between the hardness gradient existing in the cold-worked torsion specimet 
to the grain structures appearing upon annealing. Rockwell hardnesses we" 
measured in the cold-worked torsion samples at a number of radii and it * 
found that the hardness increased continuously with the radius or shear. The 

grain size curves for the same samples annealed usually show no increase * 


Pa 


*Chief engineer, Firthite division, Firth-Sterling Steel Co., McKeesport, 
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grain size up to some critical radius, and then a very abrupt and tremendous 
increase in the grain size. After annealing, the hardness usually showed a 
continuous decrease from the center to the outside. This seems to be another 
example of the observation that the relief of strain hardening on annealing and 
the true recrystallization process are distinct processes, the latter process 


usually, but not necessarily always, occurring at temperatures considerably 
higher than those for the former. 















SOME EFFECTS OF DEOXIDIZERS IN LOW 
CARBON-1.5 PER CENT CHROMIUM STEEL 






By WALTER CRAFTS AND JOHN L. LAMONT 






Abstract 







In order to determine the reasons for differences be- 
tween the properties of similar fine-grained steels, the 
“core” properties of 1.5 per cent chromium carburizing 
steels treated with graduated amounts of aluminum, vana 
dium, and zirconium have been investigated. Using the 
tensile strength and the distortion of a tuning fork type 
of specimen as criteria of hardening characteristics, it has 
been shown that the differences in properties result from 
changes in the mode of transformation of austenite. The 
amount and kind of deoxidizer have been found not only 
to have an appreciable influence over the austenite trans- 
formation in one section, but also to determine the differ- 
ences between light and heavier sections. More accurate 
control and more desirable combinations of properties 
have, therefore, been shown to be obtainable by accurate 
control of the residual deoxidizer content and the use of 
combinations of deoxidizing elements. 





















INCE the recognition of the advantages and subsequent wide 

spread use of fine-grained steels, several anomalies in the proper 
ties of steels of comparable grain size have been observed. In steels 
made fine-grained with aluminum, the differences between “norma! 








and “abnormal” steels were described by McQuaid and Ehn (1) 
in 1922. More recently McQuaid (2) pointed out similar differences 
of a smaller order of magnitude in the fine-grained steels that Jomin 
and Boegehold (2) found to be of variable hardenability. That 
aluminum-treated steels with different inherent grain size do not 
transform at the same rate when heat treated to the same actual grain 
size was demonstrated by Herty (3) who found a higher reaction 
rate in steels that had a finer inherent grain size. Similarly Zimmer 
man, Aborn, and Bain (4) have shown relatively greater hardenabillty 












1The figures appearing in parentheses pertain to the references appenaed to ' 


paper. 
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for a given grain size in vanadium steel. Observations of this type 
have led to the opinion that although both actual and inherent grain 
size have a major influence, certain other factors have a significant 
effect on the hardening characteristics. 

Variable properties were found in chromium carburizing steels 
that are characteristically normal (5) and the problem was investi- 
gated by tests on 0.10 per cent carbon, 1.5 per cent chromium steels 
containing graduated amounts of the grain-refining elements, alu- 
minum, vanadium, and zirconium. The tests were limited to un- 





entities 


Fig. 1—Tuning Fork Dis- 
tortion Specimen. 


carburized specimens, except to determine McQuaid-Ehn grain size, 
and the tensile strength and distortion of the “core” material have 
been used as the primary criteria of hardenability. A limited study 
has also been made to illustrate the combinations of properties that 
may be produced by treatment with more than one deoxidizer. 


PROCEDURE 


The steels, shown in Table I, were made at the Union Carbide 
and Carbon Research Laboratories, in small, basic, high frequency 
‘urnaces and forged under uniform conditions. The bars were first 
siven a normalized treatment at 925 degrees Cent. (1700 degrees 
ahr. ). Tensile and Izod impact specimens in the form of %-inch 
diameter bars were heated to 925 degrees Cent. (1700 degrees Fahr.). 
held ‘or one hour, oil-quenched and tempered at 150 degrees Cent. 
‘or one hour. Distortion specimens of a type similar to that used 
by McMullan (6), as shown in Fig. 1, were carefully measured at 
the points indicated by the large arrows, heated in a nitrogen atmos- 
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phere at 925 degrees Cent. (1700 degrees Fahr.) for 1 hour, ojj- 
quenched, and remeasured both at the base and across the ends of the 
prongs. The amount of contraction or expansion of the prongs ha; 
been called “distortion” in the following discussion. 








Table I 
Chemical Analyses 


oO 


70 % % J % % % % % 

Steel No. | a Mn Si Cr Al* Al,O3* V ar* ZrO.* 

1-Al 0.140 0.33 0.20 1.50 0.007 0.006 

2-Al 0.132 0.36 0.22 1.50 0.010 0.016 

3-Al 0.115 0.34 0.24 1.49 0.012 0.015 

4-Al 0.120 0.34 0.22 1.51 0.018 0.012 

5-Al 0.105 0.35 0.22 1.52 0.020 0.010 

6-Al 0.114 0.41 0.27 1.52 0.024 0.013 

7-Al 0.130 0.36 0.23 1.49 0.029 0.019 

8-Al 0.121 0.33 0.23 1.50 0.066 0.015 

1-\ 0.105 0.34 0.27 1.50 eee cee. 0.029 

2-V 0.101 0.33 0.20 1.50 wa 0.049 

3-V 0.115 0.30 0.17 1.53 4p im 0.113 

4-V 0.097 0.36 0.23 1.47 . 0.160 

5-V 0.113 0.35 0.28 1.43 0.216 

6—\ 0.108 0.36 0.28 1.50 0.245 

1-Zr 0.107 0.33 0.26 1.49 a. at 0.005 0.040 

2-Zr 0.101 0.32 0.22 1.52 ; : 0.007 0.059 

3-Zr 0.120 0.38 0.33 1.48 0.015 0.071 

4-Zr 0.144 0.30 0.31 1.51 0.031 0.07 

5-Zr 0.112 0.33 0.34 1.46 0.063 0.09¢ 


*Average of several determinations. 





The mode of transformation of austenite during quenching was 
also determined. Specimens % and 4% inch in diameter by 2 inches 
long, corresponding approximately to the cross sections of the prong 
and base of the distortion specimen as well as the section of the heat 
treated tensile and impact specimens, were quenched in a dilatometer 
similar to that uxed by Bain and Waring (7). Time was measured 
by the second hand of a clock, changes of length were determine’ 
with « dial indicator and temperature was indicated by a platinum 
thermocouple connected with a millivoltmeter. Observations © 
length, temperature, and time were made by photographing the dials 
with a moving picture camera. The absolute accuracy of the meas: 
urements, particularly that of the temperature, is considered to b 
rather low, but the relative accuracy was of an adequately high order. 
The intervals of discontinuity in the contraction were considered to 
the most reliable measurements, and have been used to illustrate the 
amounts of ferrite, pseudomartensite, and martensite formed during 
transformation. 
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In chemical analysis of the amounts of aluminum and zirconium 
present in the steels, both the total amount present and the amount 
that was insoluble in 10 per cent sulphuric acid were determined. 
The acid-insoluble material was considered to represent inclusions of 
appreciable size, such as might be observed under the microscope. 
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Fig. 2—-Etfect of Acid Soluble Deoxidizers on Grain Size. 





-~DOWAUAOaAN ® 


It is called “oxide” in Table I, although the residue was not analyzed 
to determine the composition. The difference between the total and 
the insoluble amounts was designated as the “acid-soluble” aluminum 
or zirconium content. Since the acid-soluble deoxidizer content gave 
the best correlation with other properties, it has been used to indicate 
the effective content of deoxidizing element. It has not been estab- 
lished whether the acid-soluble portion of the deoxidizing element 
‘S present in the steel as alloy, soluble metallic compound or very 
finely divided nonmetallic compound. 
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McQuvainp-EHN GRAIN SIZE tes a 


: a e : R ‘ strens 

The McQuaid-Ehn grain size test was carried out for 8 hours 

at 925 degrees Cent. (1700 degrees Fahr.) in accordance with the 
A.S.T.M. specification E19-33 and the results are shown in Table II. 
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Table Il elimin 
A.S.T.M. Grain Number in McQuaid-Ehn Test 


% % Predominant Secondary 
Steel No. Al AlnOz Grain Size Grain Size 


1-Al 0.007 0.006 
2-Al 0.010 0.016 
3-Al 0.012 0.015 
4-Al 0.018 0.012 
5-Al 0.020 0.010 
6-Al 0.024 0.013 
7-Al 0.029 0.019 
8-Al 0.066 0.015 
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0.029 
0.049 
0.113 
9.160 
0.216 
0.245 
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Yo Zr % Zr 
0.005 0.040 
0.007 0.059 
3-Z 0.015 0.071 
4-Zr 0.031 0.073 
5-Zr 0.063 0.096 


The grain size numbers have been plotted against acid-soluble ( 
oxidizer content in Fig. 2. It will be noted that a small amount 
residual deoxidizer (0.01 per cent aluminum, 0.05 per cent vanadium. 
and 0.015 per cent zirconium) was sufficient to develop substantial! 


tound 
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: ay od * had te 
the fine-grained condition, and that additional amounts had no mate- : te 
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rial influence on grain size. From this it would appear that above 2 < 
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critical amount the McQuaid-Ehn grain size is not proportional ' a 


ne bi s was 
the acid-soluble amount of the deoxidizer: There also appeared t 7 


be no relation between grain size and the larger nonmetallic forms 0! 
the deoxidizers, as indicated by the amounts of acid-insoluble deox'- 
dizers given in Table II. 
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The tensile and impact properties are shown in Table III. There 
did not appear to be any well-defined ‘relation. between these prope™ 
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ties and McQuaid-Ehn grain size except in the ductility and impact 
strength of the aluminum-treated series. In this case lower values 
were found in the coarser-grained steels. This was not true of the 
other deoxidizers in which high ductility and impact strength were 
found in relatively coarse-grained as well as in the fine-grained steels. 

When the effect of small variations of carbon content were 
eliminated by suitable corrections, the relations shown in Fig. 3 were 
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Fig. 3—Effect of Acid Soluble Deoxidizer Content on 
Corrected Tensile Strength. 


tound between corrected tensile strength and acid-soluble deoxidizer 
content. All of the steels containing small amounts of deoxidizers 
had tensile strengths closely approaching 107,500 pounds per square 
inch. Larger deoxidizer contents had effects that were specific to the 
individual element. Vanadium produced an increase of strength that 
was quite appreciably above 0.15 per cent. Zirconium had a slight 
tendency to lower the strength. In the case of aluminum the strength 
was unchanged up to 0.012 per cent aluminum but higher amounts 
produced an abrupt drop from 107,500 to 94,000 pounds per square 
inch at 0.025 per cent aluminum. It is notable that the drop in tensile 
Strength occurred at a higher aluminum content than that which pro- 
duced the maximum degree of grain refinement. The tensile strength 
was, therefore, found to be governed by the amount and kind of 


residual acid-soluble deoxidizer. 
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Table Ill 
Mechanical Properties of Steels After Oil 


Quenching From 925 Degrees Cent. (1700 Degrees Fahr.) and 
Tempering at 150 Degrees Cent. 


Yield Tensile Izod Tensile Strength 
%o Point Strength % El. % Impact psi—Corrected 
Al Ibs./sq. in. lbs. /sq. in. in 2 in. R.A. Ft./Ib. to 0.10% Carbo; 
91,000 123,500 23.5 107,500 
82,000 120,500 24.3 107,700 
86,000 113,750 35.0 107,750 
53,000 106,500 39.3 98,500 
51,000 100,000 48.0 98,000 
54,000 99,700 47.0 94,100 
68,000 102,250 49.3 94,250 
68,500 104,500 44.4 96,100 
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Distortion Values After Oil Quenching From 925 Degrees Cent. (1700 Degrees Fahr.) 


— ———— aa —— amou 
Average : 
Distortion serie: 
Steel No. % Al Inches x 10-' 
1-Al 0.007 +-18.5 appe 
2-Al 0.010 + 10.0 0.03 
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The ductility was higher in the zirconium and vanadium steel of d 
than in the aluminum steels. The vanadium steels were highest inch 
impact strength. The differences in ductility and impact strength of th 
were rather small and appeared to be characteristic of the deoxidizer. with 
All except the coarser-grained aluminum steels were of a high orde on tl 
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of ductility and impact strength. No relation between the yield point 
and grain size or amount or kind of deoxidizer could be established. 


DISTORTION CHARACTERISTICS 


Measurement across the prongs of the tuning fork specimen, 
before and after oil-quenching from 925 degrees Cent. (1700 degrees 
Fahr.), gave the differences shown in Table IV. These values have 
been plotted with respect to acid-soluble deoxidizer content in Fig. 4. 
It will be noted that there is a slight tendency for the coarser-grained 
steels to expand; i.e., to have a plus distortion value. The amount, 
however, varied widely between +0.0020 and —0.0005 inch in the 
coarser-grained steels. Among the fine-grained steels the aluminum- 
and zirconium-treated steels contracted, while the vanadium steels 
expanded. 

The distortion, as illustrated in Fig. 4, appeared to depend on the 
kind and amount of deoxidizer residual in the steel. Increase of 
aluminum gradually changed the distortion from expansion to con- 
traction along a curve of the hyperbolic type. Vanadium produced 
a similar type of curve when small amounts were present but in larger 
amounts caused a reversion to positive distortion. In the zirconiym 
series all of the specimens gave negative distortion although there 
appeared to be a tendency toward a minimum in the neighborhood of 
0.03 per cent zirconium. There is a suggestion of similarity between 
all of the curves, but the ranges investigated were not sufficiently 
broad to permit any generalization regarding a typical deoxidizer 
versus distortion relationship. Although there probably is such a 
general relationship it is apparent that the quantitative effects of the 
deoxidizers are very different, and that the amounts commonly used 
to develop grain refinement produce widely different tendencies to 
distortion. 

In order to determine whether the amount of variation of dis 
tortion produced by different deoxidation treatment was of a signifi- 
cant order, similar distortion tests were made on a few commercially 
purchased carburizing steels. These steels gave the following amounts 
of distortion: S.A.E. 1015, —0.0020 inch; S.A.E. 1315, —0.0034 
inch ; 5.A.E, 4615, +-0.0050 inch; S.A.E. 6115, +0.0020 inch. All 
of these steels were fine-grained and appeared to have been treated 
with aluminum except the vanadium steel. As the distortion values 


on the 1.5 per cent chromium steels ranged from —0.0014 to +0.0024 
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inch, the spread of distortion produced by deoxidizers was about hali 
of that produced by alloys among the steels tested. This observatigy 
has also been confirmed on other steels that are not described in this 
paper, and it may be concluded that the effect of grain-refining de. 
oxidizers on distortion is nearly of the same order as that produced 
by the elements that are usually classed as alloying elements. 
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_ Fig. 4—Effect of Acid Soluble Deoxidizer Content on 
Distortion Occurring During Quenching. 


AUSTENITE TRANSFORMATION DuRING OIL-QUENCHING 


As considerable differences of tensile strength and distortion 
resulted from changes in the amount and kind of deoxidizing cleme™ 
an effort was made to determine whether the differences could > 
reduced té a common basis by determining the mechanism of th' 
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austenite transformation. The discontinuities of temperature and con- 
traction were therefore determined during oil quenching by the 
dilatometric method described above. Due to temperature gradients 
within the specimens, the measured temperatures and dilation inter- 
vals represent only the over-all transformation characteristics of the 
specimen rather than the true condition of transformation such as 
might be obtained on very small specimens. 
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Fig. 5—-Effect of Acid Soluble Deoxidizer Contents on 


Transformation Temperature Occurring in }$-Inch Diameter 
Specimens. 


The transformation was found to occur in three steps, with 
the formation of ferrite, pseudomartensite, and martensite. The 
approximate temperatures of formation may be seen in Fig. 5, and 
4 typical structure is shown in Fig. 6. It will be seen that increase 
01 aluminum tended to restrict the temperature range of ferrite 
tormation, changed the pseudomartensite range little, and increased 
- martensite range. The temperatures of formation of all the con- 
stituents were shifted to higher temperatures by higher aluminum 
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contents. Intermediate amounts of vanadium restricted the ferrite 
range, but the other changes were quite small. Zirconium steels were 
characterized by the formation of ferrite over a very long range oj 
temperature. 

The lengths of the discontinuities in the contraction of the speci- 
men during quenching, in which the expansion due to the higher 
specific volume of the transformed material tended to oppose the 
thermal contraction of cooling, are shown in Figs. 7, 9, and 10. | 


Fig. 6—Typical Structure After Oil Quenching. 
< 1500. Ferrite—White Areas. Pseudomartensite 
—Dark Gray Acicular Areas. Martensite—Mottled 
Gray Areas. 


will be seen in Fig. 7 that aluminum increased the ferrite interval 
That this implies an increased amount of ferrite is indicated by the 
increase of ferrite with higher aluminum in the microstructures, 
shown in Fig. 8. With higher aluminum contents the interval o! 
pseudomartensite formation decreased slightly, and the martensite 
interval increased. The similarity between the ferrite and martensite 
curves is apparently due to the enrichment in carbon of the austenite 
adjacent to the ferrite, in the manner described by Carpenter an’ 
Robertson (8). There does not appear to be sufficient time 10! 
further migration, and the high carbon enriched austenite is mor 
stable than the austenite of the initial carbon content. The latter, * 
indicated in Fig. 6, appears to be the core of the original grain an 
transforms to pseudomartensite, whereas the enriched austenite ad- 


the fc 
effect 
also ¢ 

\ 
marte 
vanad 
to ab 
conte! 
the i 
tende 
were 


’ 


altho: 








March 


ferrite 
S were 
nge of 


. Speci- 
higher 
se the 
10. It 


nterval 

by the 
actures, 
rval of 
rtensite 
rtensite 
ustenite 
ter and 
me {ol 
is more 
itter, a 
ain and 
nite ad- 


1939 SOME EFFECTS OF DEOXIDIZERS 279 


jacent to the ferrite areas is more stable and transforms to martensite 
at a lower temperature. Thus, although aluminum tends to reduce 
the hardening tendency by causing the rejection of more ferrite and 


Ferrite 
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Fig. 7-—Effect of Acid Soluble Aluminum Content on 


Amount of Contraction During Transformation of 4%-Inch 
Diameter Specimens. 


the formation of less pseudomartensite, it has a secondary opposing 
effect of increasing the amount of martensite. This tendency was 
also confirmed by microscopic examination of the samples. 

With vanadium, as shown in Fig. 9, the amount of ferrite and 
martensite formation reached a maximum at about 0.15 per cent 
vanadium. The amount of pseudomartensite was quite constant up 
to about 0.15 per cent vanadium, and increased with higher vanadium 
contents. Although there was less change in the actual amount of 
the intervals with vanadium, the ferrite and martensite intervals 
tended to be lower and the pseudomartensite interval higher than 
Were found in the aluminum series. 
in the zirconium-treated steels there was relatively little change, 
althouch a slight tendency to higher ferrite and martensite and lower 
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Fig. 8—Microstructure of Oil-Quenched Steels Containing Low, Medium, and High 
Amounts of Acid Soluble Aluminum. X 100. (a) 0.007 Per Cent Aluminum, (b) 0.9!* 
Per Cent Aluminum, (c) 0.066 Per Cent Aluminum. 


pseudomartensite intervals was produced by higher zirconium cot 
tents. The actual values were more comparable to those ior the 
vanadium series than to those for the aluminum series. |! 
steels that are not treated with any grain-refining deoxidizer ate 
similar to the very low aluminum steels, it is evident that amounts 0! 





1939 


zircor 
a pre )! 
7] 
grain 

There 


series 


‘| 
intery 
Fig, 

tensile 
in Fig 
tent. 

Cases 
crease 


a wel 





1939 SOME EFFECTS OF DEOXIDIZERS 281 


zirconium, smaller than the least amount present in these steels, have 
a profound effect on the mechanism of transformation. 

The correlation of mode of transformation with McQuaid-Ehn 
grain size is again very poor in the vanadium and zirconium series. 
There is a tendency toward a general relationship in the aluminum 
series but it is of a qualitative rather than a quantitative nature. 
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Contraction Occurring During Transformation of 
Inch Diameter Specimens. 


AUSTENITE TRANSFORMATION AND TENSILE STRENGTH 


ins | The relation between actual tensile strength and contraction 
(b) 0.018 intervals of ferrite, pseudomartensite and martensite are shown in 

Fig. 11. As two physical characteristics are being compared, the 

tensile strength was not corrected for carbon content as was the case 
ym con in Fig. 3 where tensile strength was compared with deoxidizer con- 
for the ‘ent. Although the degree of error is quite large, particularly in the 
If ‘ases of ferrite and martensite, the trends are quite evident. De- 
izer are “rease of ferrite and martensite and increase of pseudomartensite had 
wunts of | @ well-defined tendency to raise the tensile strength. Further, the 
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tensile strength was determined by the microstructural components 
resulting from the austenite transformation and was, therefore, not 
controlled directly by the grain size or by the amount or kind of 
deoxidizer. 


AUSTENITE TRANSFORMATION AND DISTORTION 


A high degree of correlation, shown in Fig. 12, between distor. 
tion and mode of austenite transformation was found in the differ- 
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Fig. 10—Effect of Acid Soluble Zirconium on Amount of 
Contraction Occurring During Transformation of }¢-Inch Diameter 
Specimens. 


ences between the transformation intervals of the $$ inch in diamete! 
dilatometric specimen, representing approximately the 34-inch square 
section of the base of the tuning fork and the transformation inter- 
vals of the %-inch diameter dilatometric specimen, representing 
approximately the %4-inch thick section of the prongs of the tuning 
fork. In the cases of pseudomartensite and martensite, the amount 
of distortion was determined by the relative amounts of these col 
stituents formed in the light and heavy sections without respect 10 
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the kind of deoxidizers. In the case of ferrite there was no signifi- 
cant correlation. Trends were present in both aluminum and vana- 
dium steels but were at different levels, and the zirconium steels 
were quite erratic. 

It is evident that the relative amounts of pseudomartensite and 
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Fig. 11—Relation of Contraction During Trans- 


formation of }j%-Inch Diameter Specimens to Actual 
Tensile Strength. 


martensite in the light and heavy sections of the tuning fork speci- 
men control the relative movement of the prongs during quenching. 
More pseudomartensite and less martensite in the heavy base than 
in the lighter prongs produced a contraction of the distance between 
the prongs. Similarly, expansion of the prongs resulted from rela- 
tively less pseudomartensite and more martensite in the heavy section. 


CoMBINED DEOXIDIZERS 







As individual deoxidizing elements have such widely varying 
ee iste the combinations of properties that may be obtained 
V treatin: 


steel with more than one deoxidizer are of considerable 
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interest both with respect to properties dependent on the mode of 


austenite transformation and to the fact that certain combinations oj 
deoxidizers tend to produce sounder steel with greater freedom from 
large and segregated nonmetallic inclusions. A complete series of 
1.5 per cent chromium steels treated with combined deoxidizers js 
not available so that the properties of 0.15 per cent carbon-1.0 per 
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cent chromium steels are described. The steels were treated wit! 
ferrosilicon alloys containing appropriate amounts of deoxidizing 
elements. The deoxidizing additions were made to be equivalent | 
the amounts of single deoxidizers that produced grain refinemen' 
i.e., 0.06 per cent aluminum, 0.09 per cent zirconium, anc 0.12 pet 
cent vanadium. The method of heat treating and testing was the 
same as in the case of the 1.5 per cent chromium steels. 

The results of distortion tests are illustrated in Fig. 15 All 0! 
the steels treated with a single deoxidizing element gave post'\® 
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distortion. Negative distortion was found in steels treated with com- 
plex deoxidizers when the vanadium or zirconium amounts were rela- 
tively high and the amount of aluminum was intermediate. Prac- 
tically no distortion was produced in steels treated with appproxi- 
mately equal equivalent amounts of deoxidizers. : 

The tensile strength, illustrated in Fig. 14, also varied with the 
type of complex deoxidizer. The plain zirconium steels, the plain 
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Fig. 13—Effect of Simple and Complex Deoxidizers (added amounts) on 


Distortion Values of 0.15 Per Cent C—0.50 Per Cent Mn—1.0 Per Cent Cr 
Steels—Inches XK 10-4. 


006% Al 


aluminum steels, and those treated with high aluminum-vanadium 
combinations of deoxidizers gave relatively high strength. Lower 
tensile strength was produced by plain vanadium and complex de- 
oxidizers containing relatively less vanadium and higher zirconium 
or aluminum. 

Comparison of Figs. 13 and 14 reveal that many combinations 
f tensile strength and distortion may be obtained by the use of com- 
plex deoxidizers. A few such combinations follow: 


Distortion Strength Al V Zr 
Negative Low Med. Med. Med. 
Negati High Low High Low 
Positiy Low High ua 


Positiy High High ree sie 
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Inasmuch as the tensile strength and distortion did not vary jn 
a similar manner, it is apparent that different combinations of de. 
oxidizers do not produce similar changes of austenite transformation 
in different sections. For this reason it may be concluded that de. 
cxidizers not only change the properties in one section but also have 
an influence on the effect of mass. The degree to which this property 
is effective may be inferred from the range of distortion found in the 
tests of steels treated with both simple and complex deoxidizers, 


Q09% Zp 


Q03% Zr 





0.06 % A/ © 





0.04%V 


Fig. 14—Effect of Complex Deoxidizing Alloys on Tensile Strength of 
0.15 Per Cent C—0.50 Per Cent Mn—1.0 Per Cent Cr Steels—Pounds Pert 
Square Inch X< 1000. 














SUM MARY 


In summarizing this study of the grain-refining deoxidizers 
aluminum, vanadium, and zirconium, in low carbon, 1.5 per cel 
chromium steel it is evident that: 

1. McQuaid-Ehn grain size is not directly related to the amour! 
of acid-soluble residual deoxidizer. A tendency to some correlation 
between grain size and the properties of the aluminum-treated steels 
was observed, but even this degree of relationship was not found 
the vanadium and zirconium series. 

2. The products of the austenite transformation during quench- 
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ing vary with the amount and kind of residual acid-soluble deoxidiz- 
ing element. Aluminum tends to increase the amount of ferrite and 
martensite, and to decrease the amount of pseudomartensite. Vana- 
dium tends to produce a maximum of ferrite and martensite at about 
0.15 per cent vanadium, and to increase the amount of pseudomarten- 
site at high vanadium contents. Increase of zirconium produces rela- 
tively small changes. The effects of very small amounts of zir- 
conium, however, must be quite large to produce the pronounced 
difference between the lowest zirconium steel and the corresponding 
very low aluminum steels. 

3. The tensile strength is determined by the amount of ferrite, 
pseudomartensite, and martensite, and only indirectly by the amount 
and kind of deoxidizing element. The strength was increased by less 
(errite and martensite, and more pseudomartensite. Through their 
effects on the mechanism of transformation aluminum decreased, 
vanadium increased, and zirconium lowered the tensile strength. 

4. The distortion during quenching of the tuning fork specimen 
is determined by the difference in the amounts of pseudomartensite 
and martensite formed in the heavy base as compared with the lighter 
prong. Relatively less pseudomartensite and more martensite in the 
heavy base caused an increase in the distance between the prongs. 
Continuous changes of distortion characteristics were produced by 
the grain-refining elements in proportion to their effects on the aus- 
tenite transformation. 

It would appear that the properties tested, and presumably 
others as well, are primarily dependent on the mechanism of austenite 
transformation. In turn the transformation of austenite, other 
things being constant, is determined by the amount and kind of de- 
oxidizer that is present in the steel in an acid-soluble form probably 
as an alloy, a metallic compound, or a nonmetallic compound in a very 
fine state of subdivision. For this reason, accurate control of the 
residual amounts of single deoxidizers, and the use of complex de- 
oxidizers offer a means of more consistently obtaining desirable com- 
binations of properties. Obviously the quantitative results of this 
investigation are limited to the specific conditions under which the 
work was carried out. Different compositions, manufacturing and 
heat treating conditions, sizes and proportions of specimens, and 
many other factors would change the results quantitatively but there 


iS “e: . ; 
no reason to believe that comparable differences would not be pro- 
duced under other conditions. 
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DEVELOPMENT IN MOLYBDENUM HIGH SPEED 
CUTTING STEELS 


By WALTER R. BREELER 


Abstract 


Within the past ten years the use of molybdenum 
high speed steel has been steadily increasing. The most 
popular analysis at the present time is: Carbon 0.72 to 
0.81, silicon 0.20 to 0.45, manganese 0.30 maximum, chro- 
mium 3.50 to 4.00, tungsten 1.30 to 1.80, vanadium 0.90 
to 1.30, molybdenum 8.00 to 9.50. When this steel was 
first introduced several objections were raised, the main 
one being the tendency to decarburize more than 18-4-1. 
Numerous modified compositions were developed in an 
attempt to overcome these objections. The more m- 
portant of these new steels are listed in the article and 
discussed from the standpoint of manufacturing, decar- 
burization, and cutting ability. The attempts to produce a 
better steel involved the use of copper and boron or both, 
omitting tungsten and substituting vanadium, and chang- 
ing the ratio and amounts of tungsten and molybdenum. 


F' )R the past ten years, in the tool and tool steel industries the 
interest shown in molybdenum high speed steels has been steadily 
increasing. The subject is actually an old one, since the possibilities 
of using molybdenum in cutting steels have been known for more 
than thirty years. A good description of the history and development 
of these materials up to 1932 is contained in J. L. Gregg’s book 
entitled, “Alloys of Iron and Molybdenum.” Many individuals and 
organizations have contributed to this development, but special recog- 
nition should be accorded the work at Watertown Arsenal, the intro- 
duction of Mo-Tung by the Universal Steel Company, J. V. Emmons’ 
contributions to the literature and the advent of Mo-Max. 

lt is not the purpose of this paper to compare molybdenum high 
speed steels with 18-4-1, but rather to appraise the various modifica- 
tions that have come into existence since the introduction of the 
molybdenum-tungsten type of the following general analysis: Car- 
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bon 0.72 to 0.81, silicon 0.20 to 0.45, manganese 0.30 maximum, 

chromium 3.50 to 4.00, tungsten 1.30 to 1.80, vanadium 0.90 to 1,30 tung’ 

and molybdenum 8.00 to 9.50. ever, 
sume 


wy corre 

475 a hig 

450 _ L | hot-r 

425 | | | these 
; other 

400 

375 prove 

350 + ! |_—_ S itis] 

| a 

3525 Molybdenum : to the 
co . ine 

30 Cd | ment 

275 

250 

225 | = was 

200 . — itil -_—- s types 

175 | | = devel 

150 | : | 








denut 











not si 


will r 


\ 


“NS 
c 
dv 
§ 
—— 
w 
v 
& 
g 
8 
S 
S 
q 
| 
X 
& 
Q 
C 
& 
S 
S 
§ 
3 
S 
S 


125 


100 
O75 
O50 

: 
1918 19922 19726 1930 1934 1938 speed 
Year 


an Of 

Fig. 1—Average Yearly Prices of Ferrotung- here 
sten and Ferromolybdenum. 1918-1938. phere 
that 1 


The favorable showing made to date indicates that molybdenu™ than 


high speed steels are here to stay. Just how far they will replac Che 4 
18-4-1 depends upon circumstances beyond our immediate control 0! lows : 
prediction. However, we do know that the amount used has beet 
steadily increasing these past five years. This type of tool ste 
represents an economically stable and secure product. Molybdenum 


is available in this country in ample quantities, and the price has " 


fluctuated like that of tungsten. Fig. 1 shows the relative prices ° 
the two elements over a 20-year period. 
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<imum, Following the experience of most new products, molybdenum- 
to 1.30 tungsten high speed steel had certain objections to overcome. How- 
, ever, by co-operative effort on the part of steel manufacturer, con- 
sumer, and equipment maker, most of the early troubles have been 
corrected. Manufacturing difficulties have been minimized and today 
a high quality product is being produced. Decarburization limits on 
hot-rolled bars are the same as for 18-4-1, but in order to maintain 
these limits, ingots and billets must be covered with borax or some 
other coating at all heating operations. The cutting ability of molyb- 
denum-tungsten high speed steel has improved steadily with the im- 
provement in quality and heat treating technique, and in many cases 
it is performing better than high tungsten steel. This applies chiefly 
to the products of tool manufacturers who have special heating equip- 
ment and metallurgical control. The average industrial consumer is 
not so well equipped, and in this field molybdenum high speed steels 
will require more time to become established. 

As soon as it was realized that the molybdenum-tungsten steel 
was becoming an important factor in the tool steel industry, other 
types were developed. The three main reasons prompting these 
developments were as follows, and will be discussed in greater detail : 

(1) To overcome, or at least decidedly reduce, the tendency to 

decarburize. 

(2) To produce a better cutting steel with molybdenum as the 

predominating alloying element. 

(3) To produce an acceptable molybdenum cutting steel outside 

of existing patents. 

(1) One of the first criticisms heard about molybdenum high 
speed steels was their tendency to decarburize when heat treated in 
an open or semi-muffle furnace without special attention to atmos- 
phere or provision of some coating on the work. It must be admitted 
that the problem of decarburization is becoming much less serious 


— than it was several years ago, but it still cannot be entirely ignored. 
I] replace the various successful heat treating methods now in use are as fol- 
‘ontrt or lows: 
has been (a) Protecting tools with borax usually produces good results. 
ies The disadvantages are (1) time required to prepare borax, 
lybdenum apply and remove, and (2) attack of furnace refractories. 
has not (b) Salt baths are quite successful. Some installations are still 
prices 0! not entirely satisfactory, and produce pitting, solution of 


‘eel, and decarburization. Apparently all of these troubles 





TRANSACTIONS OF THE A. S. M. June ~ 
can be overcome by adhering to instructions issued by the 
salt manufacturers and furnace builders. 

(c) Graphite composition muffles are used advantageously for 
small tools, although there is a slight tendency to carburize. 

(d) Special atmospheres in muffle furnaces, produced by burn 
ing gas and air and containing from 6 to 11 per cent CO, ar 
quite satisfactory for small tools. For example, %-inc! Stee 

square tool bits can be heat treated with less than 0.002 inel iit 

soft surface. This equipment, however, is still not good 
enough for large tools or small ones with fine edges. Som eel 
consideration is being given to atmospheres generated out Fad 
side of the furnace and containing high percentages of CO imp 
by tl 


them 


nitrogen, or both. A suitable atmosphere, generated in 3 
reasonably priced unit, could be used advantageously 11 
connection with muffle furnaces, and eliminate the use o! osite 
borax. 

Another very recent experiment consists of introducing int eine 


the heating chamber a chemical compound forming a vapor! osidl 
which in turn condenses on the tools being treated, thereby 
preventing decarburization. , | chic 
(2) In an effort to produce a better cutting steel with moly) cusiti 


denum as the main alloying element, changes were made in th secti 


original molybdenum-tungsten steel analysis, involving small addi- mei 


tions or omissions. Except for the addition of cobalt, these changes some 
have not yet proven to be effective or practical. to im 
(3) The third motive was to provide an acceptable molybdenun ~~ 
steel outside of existing patents. Such a course does not change th 

general patent situation, since any new steel developed is usuall) 

patented. But the fact that these situations stimulate research wil 

probably result in some ultimate good to the industry. 


Materials that have been developed these past six years, ail 
which represent a modification or an attempt to produce a bette! 
molybdenum steel to sell at approximately the same price as th 
molybdenum-tungsten type, fall within the following general classi! 
cations : Arse 
(1) Molybdenum-2 per cent vanadium high speed stee! comp 


(2) Molybdenum-vanadium and molybdenum-tungsten ste’, B 0.25 


with boron. plane 
(3) Molybdenum-vanadium and molybdenum-tungsten ste foun: 
with boron and copper. | high 
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(4) Steel containing approximately 6 per cent tungsten, 6 per 
cent molybdenum, 4 per cent chromium, 1.5 per cent 
vanadium, and 2.5 per cent copper. 

(5) Steel containing 4 to 6 per cent tungsten, 3.5 to 6 per cent 
molybdenum, 4 per cent chromium, and 1 to 1.6 per cent 
vanadium, 

Steels 2, 3, 4, and 5 had for their chief aim the reduction of 
decarburization, plus any cutting advantage possible. 

Although the molybdenum-tungsten-cobalt compositions repre- 
sent an improved molybdenum cutting steel, they have been omitted 
from the above list for several reasons: (1) They are of sufficient 
importance as an improved molybdenum steel to constitute a subject 
by themselves, and (2) the addition of 4 to 10 per cent cobalt places 
them outside of the price class of materials to be discussed in this 
article. 

Some of the materials in the list were short-lived and are now 
obsolete, but are of interest since they represent definite steps in 
attempting to improve the molybdenum-tungsten type. 

In the paragraphs to follow, the various steels will be discussed 
chiefly from the standpoint of manufacturing, decarburization, and 
cutting ability. The information on performance represents a cross 
section of data obtained from laboratory tests, reports from tool 
inanufacturers and some industrial users of molybdenum steels. In 
some instances, due to insufficient data, the conclusions can only serve 
to indicate a trend or prediction which may or may not be reversed 
as additional performance reports are received. 


STEEL No. 1 
Molybdenum-2.00 Per Cent Vanadium High Speed Steels 


The use of molybdenum-vanadium cutting steels anticipated the 
present molybdenum-tungsten type by quite a few years. One analy- 
‘is in particular received considerable attention at Watertown 
Arsenal. This work indicated that at the time the best all-purpose 
composition was as follows: Carbon 0.68, manganese 0.25, silicon 


1¥. a 

<9, chromium 3.50, molybdenum 9.50, vanadium 1.25. For heavy 
planer tools and very heavy lathe tools the molybdenum steel was 
‘ound to be about 90 per cent as efficient as the standard tungsten 


hi ST) ad . . 
gh speed steel. For smaller planer, lathe, and form cutters the 
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molybdenum steel was found to be practically as efficient as the tung- 
sten type. U.S. patent 1,345,732, issued July 6, 1920, to Arnold. 
discloses an alloy of the following composition limits: Carbon 0,50 
to 0.80, manganese 0.10 to 0.30, silicon 0.20 to 0.50, chromium 2.75 
to 3.75, vanadium 0.50 to 2.00, molybdenum 5.00 to 10.00. US. 
patent 1,448,288, issued March 13, 1923, to Eilender, covers the fol- 
lowing: Carbon 0.50 to 0.80, molybdenum 6.00 to 10.00, chromium 
3.00 to 6.00, manganese 0.20 to 0.40, silicon 0.20 to 0.40, vanadium 
0.15 to 2.00. In 1916, the following analysis was reported developed 
in Germany: Carbon 0.50 to 0.80, molybdenum 6.00 to 10,00, 
chromium 3.00 to 6.00, vanadium 0.75 to 2.00, cobalt 1.50 to 3.50, 
Patents have more recently been issued to Kingsbury and Gill cover- 
ing molybdenum-vanadium compositions. 

Types 1 and 2, shown below, represent the popular analysis 
ranges used the past six years: 


Type 1 Type 2 
I i ae 0.75-0.90 0.75-0.90 
oo og salable oe a 0.20-0.40 0.20-0.40 
ES a eae 0.20-0.40 0.20-0.40 
CE GR 2 baa eo bie 3.50-4.50 3.50-4.50 
Eo 5 4 + 00 hes -«-  1.70-2.00 2.00-2.30 
ee 7.00-8.50 &.50-9.50 


The manufacturing practice for the molybdenum-vanadium steels 
is about the same as for the molybdenum-tungsten type, and a good 
quality product can be made. 

Cutting Tests—lIt is claimed by some users that the higher molyb- 
denum and vanadium in Type 2 analysis contribute better cutting 
properties. Drills, giving exceptionally good performance in a labora- 
tory test, were made from the following steel: Carbon 0.89, vanadium 
2.20, chromium 3.85, molybdenum 9.68. However, considerable of 
Type 1 analysis has also been found satisfactory for certain tools. 
In an accelerated lathe breakdown test in which a 34-inch square too! 
travels from the center of a disk to the periphery, Type 2 moly)- 
denum-vanadium steel failed at 312 surface feet per minute and th 
molybdenum-tungsten tool failed at 311. In another lathe test, 
5g-inch square tools were used for turning S.A.E. 2335 steel, 1% 
Brinell, with soluble oil coolant. Tool angles were ground by ma 
chine and the depth of cut was % inch, feed 0.037 inch, and speed 
120 surface feet per minute. Under these conditions the tools ct! 
as follows before failure: 

Type Analysis Time—average of 3 tools 


1. 8.50 molybdenum, 1.00 vanadium, 1.50 tungsten .. 7 minutes 45 conds 
2. 9.00 molybdenum, 2.00 vanadium ............... 7 minutes 42 seconds 
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Although some laboratory tests indicate performance comparable 
to molybdenum-tungsten steel tools, commercial reports on drills, 
cutters, taps and tool bits are too few and conflicting to make possible 
a general statement of this kind. 

Impact Tests—When the molybdenum-vanadium materials were 
first tried, there was some question of adequate toughness. It was 
also reported that increasing the molybdenum from 7.00 or 8.00 to 
9.00 or 10 per cent would embrittle the steel. All cutting tools in 
laboratory tests and those returned from customers were watched to 





Table I 


Izod Impact Tests 
Specimens Unnotched 





Values are average of four determinations 
Analysis Table 


———— Per Cent———_—__—_—_, 
Steel eS Mn Si Cr V Mo W 


l 0.83 0.42 0.26 3.72 2.18 8.80 
2 0.82 0.31 0.32 3.78 2.20 9.73 uate 
3 0.78 0.26 0.23 3.81 1.07 8.97 1.77 


Heat treatment of specimens: Preheat 1600 degrees Fahr.—15 minutes, high heat 2200 
degrees Fahr.—2 minutes, oil quench. 


Tempering time 2 hours—electric circulating air furnace. 








r Steel 1———_, ——— Steel 2———__, ‘ Steel 3, 
Ft.-Lbs. Ft.-Lbs. Ft.-Lbs. 
Degrees Absorbed Absorbed Absorbed 
Fahr. Rockwell Impact Rockwell Impact Rockwell Impact 
Draw C Hardness Value C Hardness Value C Hardness Value 
0 64.5 18.3 65.0 32.3 66.3 11.5 
500 61.0 30.3 61.5 31.5 62.0 20.8 
700 61.0 24.0 62.0 33.5 62.6 26.3 
900 63.0 20.8 63.0 26.5 63.6 20.3 
950 65.0 18.0 64.5 20.5 65.6 16.0 
1000 64.5 16.3 64.5 13.5 65.6 13.3 
1050 64.0 12.5 63.5 19.8 64.6 12.8 
1100 61.0 12.3 60.0 16.5 62.8 15.2 
16.5 56.0 23.5 58.0 25.5 


1200 56.0 





| 
| 
| 
| 
| 
| 
| 
| 


see if there was any sign of brittleness, and to date no such indica- 
tions have been reported. We therefore assume that for all practi- 
cal purposes there is little difference in toughness between the two 
types of molybdenum-vanadium and molybdenum-tungsten steels. 
However, in order to find out more about this property, Izod impact 
tests were made and the results are shown in Table I. In the range 
of maximum secondary hardness there is little difference between any 
of the steels. Another comparison was made at a hardening tem- 
perature of 2250 degrees Fahr. and the same relationship existed, 


+ . 7 
although all values were lower. 
De 


paring 


'rburization—One of the earliest observations noted in com- 
vlybdenum-vanadium with molybdenum-tungsten steel was 
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the greater amount of decarburization when heat treated in a muffle 
or semi-muffle furnace. The absence of tungsten and the presence of 
higher vanadium aggravated the decarburizing effect of high molyb- 
denum. In Table II will be found a number of tests in which sam- 
ples of both steels were run together under various furnace condi- 
tions. These results are typical of a number of reports received from 


tool manufacturers. If borax coating or salt baths are used under 


proper conditions, there is no appreciable decarburization with either 
steel. 





Table II 
Decarburization Test 
Molybdenum-Vanadium vs. Molybdenum-Tungsten 
Steels 1 and 3 from Table I 
Specimens 3 Inch Square x 3 Inches Long 
Each test run separately. Table shows conditions of test 
decarburization. 


and amount of total micr 
A clean, machined and ground surface was used to start with. 


High Heat 
Preheat Degrees Time Decarb. in 0.001 Ir 
Test Minutes Fahr. Minutes Furnace Mo-V Mo-W 
l 1600 Degrees Fahr.—15 2100 4 Muffle-atmosphere 0.001 0.001 
6% CO 
2200 ze 0.003 
2300 ny 0.003 
1500 Degrees Fahr. 5 2200 Semi-muffle 1% O. 0.016 
1500 Degrees Fahr. 2250 - 0.010 
1500 Degrees Fahr. 5 2200 0.014 


Excepting for a greater tendency to decarburize, the moly) 
denum-vanadium steels are quite similar in physical properties to th 
molybdenum-tungsten type. Performance data on drills, cutters, taps 
and lathe tools are too few and conflicting to attempt any comparison 
at this time. 


STEEL No. 2 


Molybdenum-Tungsten and Molybdenum-V anadium 


Steels with Boron 


Several rather comprehensive investigations were started abou! 
five years ago to determine the effect of boron in molybdenum hig! 
speed steels. Boron is an unusual element in its effect, and smal 
additions were found to be potent. Table III covers a partial lis 
of the compositions studied. There will not be any distinction matt 
between the molybdenum-tungsten and molybdenum-vanadium typ prot 


since the effect of boron appears to be the same in both. baie 
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For example, the usual molybdenum-tungsten steel with 0.80 per cent 
carbon and no boron hardened to 66-67 C Rockwell. This hardness 
could also be obtained with 0.60 per cent carbon and 0.40 per cent 
boron, or 0.50 per cent carbon and 0.60 per cent boron. If one-half 





Table Ill 
Molybdenum-Tungsten and Molybdenum-Vanadium Steels with Boron 


Per Cent 








Recovery 
Steel ; $$ —__—__—_—_————-Analysis a+ = — in 4 Inch Square 
No. Cc Mn Si W Cr V Mo Co B Billets 
1 0.85 0.52 0.54 1.75 5.05 1.82 10.52 arore 0.041 34.8 
) 0.72 0.28 0.29 1.51 3.38 2.14 8.23 eet 0.05 51.0 
3 0.79 0.45 0.42 1.66 4.17 1.74 9.80 ey ee 0.06 none 
4 0.78 0.42 0.31 2.12 4.05 1.79 9.88 sees 0.08 69.8 
0.805 . 0.55 0.53 i> 4.34 1.66 9.62 i atshs 0.08 15.3 
6 0.82 0.49 0.44 1.85 4.64 1.80 10.60 S inaere 0.09 25.3 
7 0.75 0.52 0.92 1.98 4.44 1.66 9.40 6 ace 0.09 50.0 
8 0.75 0.42 0.34 1.71 3.98 1.50 8.64 yar 0.10 none 
9 0.48 0.54 0.78 1.31 4.54 1.22 9.54 ee 0.15 none 
10 0.82 0.41 0.50 1.73 4.53 1.65 9.36 aed 0.16 none 
1] 0.61 0.34 0.60 1.65 4.64 R7 8.72 hats 0.19 74.0 
12 0.48 0.29 0.50 1.71 4.56 1.20 10.13 eae 0.20 50.0 
| 0.78 0.35 0.48 1.59 3.72 2.20 8.47 ae 0.23 none 
14 0.56 0.34 0.68 1.69 3.92 | 9.76 ai bi 0.24 31.0 
15 0.47 0.27 0.61 1.50 4.17 1.14 9.04 ae 0.27 18.0 
16 0.52 0.50 0.82 1.27 4.07 1.08 8.66 oss 0.28 none 
17 0.53 0.62 0.80 1.19 4.53 1.34 9.40 eke 0.31 none 
18 0.67 0.52 0.41 1.43 4.23 1.60 9.95 pet 0.32 Bhs 
} 0.64 0.50 0.81 nil 4.51 1.39 7.92 arte 0.66 none 
0 0.63 0.42 1.01 nil 4.51 1.57 9.36 iced 0.77 none 
l 0.80 0.19 0.29 1.52 3.81 1.08 8.67 aa oo nil 
0.84 0.26 0.68 1.39 3.61 1.50 9.62 a nil 
0.81 0.32 0.23 1.48 4.08 1.28 8.45 aide nil 
{ 0.77 0.28 0.78 2.04 3.92 2.41 9.09 ex 0.15 
0.80 0.30 0.75 1.66 4.00 2.62 8.45 0.19 
f 0.58 0.37 0.62 1.60 4.21 1.34 8.83 0.19 
0.83 0.27 0.30 1.85 4.11 2.34 8.63 0.21 
0.48 0.23 0.46 1.57 4.11 1.20 8.78 0.29 
0.76 0.23 0.85 1.70 4.09 2.27 8.13 0.39 
Uv 0.63 0.32 0.52 1.47 4.06 1.36 8.47 0.40 
0.43 0.23 0.49 nil 4.06 1.18 8.77 0.41 
0.45 0.27 0.49 4.57 4.52 2.15 5.51 0.42 
0.40 0.22 0.52 1.50 4.04 1.19 8.73 0.46 
4 0.49 0.25 0.63 1.53 4.17 2.20 8.84 0.46 
0.54 0.78 0.60 1.60 4.14 1.19 8.63 0.46 
0.54 1.65 0.78 1.56 4.18 1.20 8.77 0.46 
, “Sa 0.22 0.50 nil 4.09 aad 7.50 0.48 
0.81 0.25 0.62 1.86 4.00 2.03 9.33 0.49 
0.83 ).28 0.52 1.57 4.15 1.28 8.87 0.53 
+) 0.48 0.26 0.55 1.67 4.12 me 8.74 a 0.64 
1 60.58) 60.17) (0.38 _~—sonil a 230° 6£797:. 438 - 6233 
0.43 0.25 0.45 1.73 4.01 1.22 9.08 5.10 0.42 
4 1.45 0.25 0.60 nil 4.14 1.17 8.58 5.10 0.46 
4 60.64 = (0.24 —Ss«é0-. 61 180 3.98 2.24 9.07 6.75 0.49 
ot the 


boron content added to the carbon content equaled approxi- 
mately 0.80, maximum hardness was obtained. However, boron 
added to a 0.80 per cent carbon steel did not increase hardness beyond 
00-67. When replacing substantial amounts of carbon in the above 
Proportions, boron was not only effective in producing high initial 
as quenched but aided in maintaining high secondary hard- 


1000 degrees Fahr. Beyond this point the boron steels 


hardn 


Ness 411 
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decreased in hardness slightly more rapidly than material of equiva- 
lent carbon content. Practically all the boron steels showed a coarse 
fracture when hardened at 2200 degrees Fahr. and above and with a 
carbon content of about 0.80 per cent the microstructure indicated 
formation of eutectic as low as 2100 degrees Fahr. Fig. 2 shows a 
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a “gs r - 
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Fig. 2—Steel 5—Oil Quench 2150 Degrees Fahr.—Eutectic at 
Boundaries. x 500. 
Analysis: 
Cr ; Mc B 
0.19 


typical structure of a boron steel hardened at 2150 degrees Fahr 
The best hardening range was therefore under 2200 degrees Fahr., 
and was obviously very narrow. The addition of vanadium appeared 
to slightly elevate the permissible hardening range. 
Manufacture—In the early part of the investigation, considerable 
experimenting had to be done to determine the right forging range 
and method of forging. Several of the very low recovery figures 1 
Table III would have been higher if there had been a better back- 
ground of experience. The best forging temperature was found to 
be between 1900 and 2000 degrees Fahr. At this temperature the 
metal was fairly stiff and many reheatings are necessary when cogging 
an 8-inch ingot to a 4-inch square billet. With carbon at 0.70 to 0.80 
and boron 0.05 per cent or more, forging was difficult and the recov 
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eries were erratic and usually very low. With carbon under 0.60 per 
cent and boron under 0.50 per cent, forging of small ingots was rea- 
sonably satisfactory and encouraging. With large ingots even this 
carbon and boron content did not produce very satisfactory results. 
Some improvement in forging was noticed if the ingots were trans- 
ferred to the forging furnace shortly after casting. However, this 
practice is not always practical and all of the recovery figures given 
in Table III are for 8-inch and 9-inch ingots that were cooled to 
room temperature after casting, then annealed at 1500 degrees Fahr. 
before placing in the forging furnace. All ingots were preheated 
carefully before raising to the high temperature. 


Table IV 
Effect of Boron on Decarburization as Determined by Microscope 





st5—, --Test 6o~ 
° 


--Test1— -Test2-—, --Test3— -Tes 
5 —5’ 2150°—4’ 


2200°—2’ 2200°—2’ 2200°—=3’ 225 
Semi-Muffle Semi-Muffle 


Steel Boron Furnace Furnace Muffle Muffle Muffle Semi-Muffle 
No. Content 1% Oz 1% Os Oxidizing 6% CO 6% CO 1% Oz 
21 nil deviate ee °F ee wes 0.001 0.006 0.005 
to 0.006 
2 0.05 0.004 0.004  . ae eka «ses 
4 0.08 Mdina. > = sleee!  Sereelee 0.001 0.004 
4 0.15 s3< ae ne SS geek we ee a owe 
to 0.002 
25 0.19 trace pata trace— Poa Lane 0.003 
0.003 to 0.005 
27 0.21 ow eh a — | hae & 5666K ley: eee | 
to 0.003 
29 0.39 trace Sa ie trace— 
0.0025 
38 0.49 trace ne we trace 


39 0.53 kaew 2 cea trace 








Considerable time and effort were spent in trying to overcome 
forging difficulties, and about the only improvement noted was with 
the addition of cobalt. High silicon appeared to be detrimental, and 
best results were obtained when this element was under 0.30 per 
cent. When forging many of the boron ingots, the center appeared 
to granulate and a steady flow of red-hot particles kept coming out of 
the pipe end. This necessitated cutting back, and quite often the 
whole ingot would be ruined in this manner. 

Decarburization—It was noted early in the investigation that 
ron would have some beneficial effect on decarburization. Up to 
about 0.10 per cent there is only very slight improvement. At 0.20 
per cent boron the improvement is noticeable, but still not entirely 
satisfactory. At 0.40 to 0.50 per cent boron there is a marked im- 
nt, and for most ordinary hardening conditions the steel 
considered practically free from decarburization. With all 


pre VE 


would | 
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the alloys containing boron the decarburization has a tendency to be 
spotty. Table IV shows some typical results. The table is separated 
into various tests carried out by different investigators and in different 
furnaces. 


Cutting Tests—Due to manufacturing difficulties, only a limited 
amount of material was available for laboratory and commercial tests 
Typical laboratory results are shown in Tables V and VI. Although 


Tool Bits %x%4x5% Inches 
Cut Started at Center of 11-inch Diameter Disk and Tool Bit Moved Toward Periphery 


Speed at Failure 
’ —— —— Analy sis ——————-- ——————, Feet Per Minute 
; Mn Si W Cr V Mo Co Test 1 Test 2 
0.81 .32 0.23 1.48 .08 1.28 8.45 wan 211 161 
0.71 .30 0.27 1.51 3.64 2.02 8.14 
0.80 .30 0.75 1.66 .00 .62 8.45 Sua 
0.58 . 0.38 nil 3.85 .10 9.17 4.28 
0.63 .32 0.52 1.47 .06 .36 8.47 
0.81 .25 0.62 1.86 00 93 9.33 ae 

0.61 1.80 3.98 .24 9.07 as 








Table VI 
5g-Inch Square Tool Bits 
Test Log S.A.E. 2335—Brinell 213/220—Soluble Oil Coolant 
Speed—120 Ft. per Min.; Depth of Cut—% Inch; Feed—0.037 Inch 





(Average of 2 Grinds) 
—————- —————— Analy sis— - Average Length of Cut 
S Mn S1 Ww Cr V Mo B Time Before Failure 
0.84 0.26 0.68 1.39 3.61 1.50 9.62 nil 16’—12” 
0.78 0.42 0.31 2.12 4.05 1.79 9.28 0.08 21°—15” 





data on this property are limited, it is the consensus of opinion o! 
several investigators that boron up to 0.50 per cent provided only a 
slight advantage in cutting ability when added to a molybdenum 
tungsten or molybdenum-vanadium steel. This opinion is further 
indicated in the discussion of copper-boron steels. Adding cobalt 
with boron appeared to be a very good combination, and a steel that 
has shown exceptional merit for the past several years analyzes carbon 
0.60 per cent, tungsten 1.73 per cent, chromium 4.86 per cent, vana 
dium 1.61 per cent, molybdenum 8.62 per cent, cobalt 8.23 per cent, 
and boron 0.27 per cent. 

Impacts—A few series of impact tests were made, and it was 
noted that the addition of boron to molybdenum-tungsten or moly)- 
denum-vanadium steels did not materially affect this property. !0 
fact, with an alloy containing 0.40 per cent carbon and 0.60 per cet! 
boron the impacts were slightly better than the equivalent 0./0 per 
cent carbon steel. 

Indications to date are that boron additions to molybcenun 
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tungsten or molybdenum-vanadium high speed steel do not improve 
the alloy sufficiently to warrant the extra expense. However, more 
information on alloys in the range of 0.60 per cent carbon and 0.40 
per cent boron would be of interest. With the boron steels studied 
in this report, the advantages were: 

(1) Decreased decarburization. 

(2) Perhaps slightly better performance. 

Outstanding disadvantages were: 

(1) Poor forgeability. 

(2) Cost of boron. 

(3) Loss of boron in melting. 

(4) Erratic recovery of boron in melting. 

(5) Difficulty in analyzing for boron. 

(6) Narrow hardening range. 


STEEL No. 3 


Molybdenum-Tungsten and Molybdenum-Vanadium Steels 
with Copper and Boron 


From carburizing experience, it was known that a copper coat- 
ing would prevent or retard penetration of carbon. It was thought 
that if copper were alloyed with a steel having a marked tendency to 
decarburize, loss of carbon would be prevented. With a steel con- 
taining 8.00 to 9.00 per cent molybdenum, it was found that copper 
alone, in reasonable quantities (up to 3.00 per cent), would not ac- 
complish this purpose to the desired degree. It was therefore 
decided to combine copper with boron and have the two elements 
supplement or combine their effects. After much experimenting, 
the optimum amounts of each were determined and a steel was pro- 
duced that was practically free from decarburization when heat 
treated by any ordinary method. A typical analysis, representing the 
best combination of alloys, was as follows: 


Per Cent 
Carbon 0.73-0.83 
Manganese 0.35-0.65 
Silicon 0.10-0.25 
Chromium 3.50-4.25 
Molybdenum 7.75-9.00 
Tungsten 1.50-2.25 
Vanadium 0.90-1.30 
Copper 2.60-3.00 
Boron 0.07-0.12 


ujacture—About twelve heats of 8-inch ingots were made 
orging recovery figures are shown in Table VII. Copper 


and the 
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did not prove to be an aid in overcoming the forging trouble caused 
by boron, and about the same difficulties were encountered. The 
forging procedure and temperature were the same as described under 
boron steels. The recoveries were erratic and very low in many cases, 
One or two steels produced good yields, but the billets had to be 


Table VII 


Recovery Percentages of Copper-Boron Steels 
8-Inch Ingot to 4-Inch Square Billet 





Type Analysis: 


Group 1 
Si Cr V Ww Mo Cu B 


0.30 4.00 1.00 1.75 8.50 2.80 


0.30 


Boron 
Centent 


See below 


Group 2 
4.00 1.75 
Group 1 


Recovery in 4 Inch Square 
Per Cent 


25 2.75 See below 


Group 2 


Recovery in 4 Inch Square 
Per Cent 


67 

75 -s 

a 18 

80 - 
24 


48 
60 f now 
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low 
reheated many times and considerable care taken in hammering. Th s The 
copper-boron steels should not yet be definitely condemned for their copy 
poor forgeability, but experience to date indicates the existence 0! a pl 
numerous variables that require further study. s ene 
Asa result of this manufacturing difficulty, only a limited amoun' Bm afte 
of steel was available for commercial tests, and these tests were not 
completed in every instance due to the development of another allo) 
which accomplished the same purpose without boron. 
Decarburization—Machined samples of various sizes were st! 
jected to normal heat treating temperatures and decarburizatio! 
noted by microexamination as well as hardness measurements. Typ 
cal results are shown in Table VIII. Data indicate that 0.05 pet 
cent boron with about 2.75 to 3.30 per cent copper is the minimun 
percentage required to reduce decarburization to an unobjectionabl 
amount. When vanadium was increased to 2.00 per ceni the de 
carburization increased. 
General Metallurgical Data—The_ copper-boron-molybdenu! 
steels have many features in common with the alloys previously ™ 
ferred to. The best hardening temperature was found to be 2150 © 
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2200 degrees Fahr., the higher temperature being suitable for steels 
with boron on the low side, and the lower for steels with boron on 
the high side. After quenching, a Rockwell of 58-60 C was obtained, 
and after a 1050-degree Fahr. draw this increased to 65-66 C. If 
heated to 2300 degrees Fahr. or more the steel became “mushy,” and 
if the boron happened to be at 0.15 per cent this characteristic was 


Table VIII 
Specimens % Inch and 14 Inch Square 


-——Decarburization in 0.001 Inch 
1600° 1500° 1500° 1500° 1500° 
10’ 10’ 10’ 10’ 10’ 
2200" 2200° 2200°  2200° 21350° 
24’ 3’ a 2 a 
1000° 1025° 1050° 1050° 1050° 

















Steel —_—_—_—_—_ Analysis - . Ziiven 2 Bee. bee. See. Fee. 
No. C Ma Si w Ce. Be Ce B 1% O2 6% CO Neutral 1% Op 
1 @80 0.36 G36 1.50: Ge B00 Bo. doce cece 0.007 0.003 0.0065 0.005 0.006 
2 0.72 0.57 0.25 1.87 4.01 1.04 8.67 2.70 0.02 rte ‘ae 0.0015 4 J baer 
; «60.85 0.52 0.25 1.55 3.94 1.08 8.40 2.86 0.04 aed haan jr aps trace 
¢ 0.72 0.28 0.29 1.5) 3.28 2.84 SB.20 .«-. 9.05 ain thine wae eee Oe 0.004 
5 0.83 0.56 0.27 1.88 4.01 1.23 7.82 3.32 0.05 trace pata,” eee ee 
6 0.83 0.61 0.33 1.79 4.25 1.24 9.00 3.52 0.07 trace sagt eye 
7 0.89 0.52 0.20 .... 3.87 1.64 9.24 2.94 0.07 icacee. SE svetes earned Sane 
8 0.80 0.26 0.21 1.81 4.30 1.18 8.80 2.84 0.142. .....  taraisadl saat seal eee OBGG5 
9 0.78 0.31 0.22 1.77 4.30 2 


16 &.90. 2.92 0.166 ...«~. Sénwe. . Renews ‘tenn, nee 





noticed even at temperatures as low as 2150 to 2200 degrees Fahr. 
In heat treating, the fracture coarsened at 50 to 100 degrees Fahr. 
lower than a molybdenum-tungsten steel without boron and copper. 
The temperature at which a eutectic developed was the same for the 
copper-boron as for the straight boron steels. The microstructure of 
a properly hardened sample is very similar to the structure of hard- 
ened molybdenum-tungsten steel. Fig. 3 shows the hardness obtained 
after various heat treatments. 

Cutting Tests—A number of laboratory lathe and drill cutting 
tests were made and the average indicates that the copper-boron steels 
are at least equal to the molybdenum-tungsten type. There is noth- 
ing to indicate that they have an advantage, although in several tests 
phenomenal results were obtained. Typical accelerated lathe break- 
down tests are reported in Tables IX and X. 

Due to the smaller amount of boron necessary, copper-boron 
steels had a slight advantage in forgeability over the straight boron 
materials. This improvement, however, was not sufficient to make 


the steel practical from a manufacturing standpoint. The only ad- 
vantage of the copper-boron-molybdenum steels over existing types 
mould ‘ . . Ps ° 

woul reduced decarburization. The disadvantages would be: 


Poor forgeability. 
ost of copper and boron. 
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(3) Presence of copper in scrap that might be used when melt- 


ing molybdenum-tungsten steel for customers having 
limiting copper content in their specification. 


Oil Que 











Analysis -Heat # 1066 


\ 

' 

\ 
Carbon 0.805 % - ——+—+ — 4 
Manganese 026 ' 
Silicon QO 27 Oi Quench -s 


Molybdenum 880 | 2000°F. 





Chromium 430 Rit 7 
Vanadium 178 | 
Tungsten 187 
Copper 284 
Boron QO142 
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500 P50 9001000-:1100:1200 
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; Hardness Curves Obtained After Various 
Treatments. 


STEEL No. 4 


Approximate Analysis 
6.00 Per Cent Tungsten, 6.00 Per Cent Molybdenum, 1.50 Per Cen 
Vanadium, 4.00 Per Cent Chromium, 2.50 Per Cent Copper 


Since the experiment with boron-containing steels had been dis- 
couraging, investigations were continued using copper and mitting 
boron. Previous work indicated that with copper alone som: change 
in analysis would be required, and after much experimenting an alloy 
of the following composition was decided upon: Carbon 0.75 | ) 0.00, 
manganese 0.25 to 0.40, silicon 0.20 to 0.40, chromium 3.75 to 4.29, 
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molybdenum 5.75 to 6.25, tungsten 5.75 to 6.25, vanadium 1.40 to 
1 60. copper 2.50 to 2.70. Limited experience to date indicates good 
forgeability at a temperature of about 2100 degrees Fahr. The ingots 
or billets do not have to be coated with borax at forging or rolling 
operations. 


Table 1X 


Accelerated Lathe Breakdown Test 
Spindle Speed 364 RPM—Feed 0.006 Inch—Depth of Cut 0.030 Inch 
Tools % Inch Square—Started at Center of Disk and Moved toward Periphery 








Maximum 

Surface Feet Rock- 
Steel ; . Cut Before well 
No. Cc Mn Si W Cr V Mo Cu B Failure Cc 
Mo-W O75. Oe Bas: Boe een Bae ee pickin’ 4 eons 324 64.9 
1066 0.80 0.26 0.21 1.81 4.30 1.18 8.80 2.84 0.142 301 64.8 
1053 0.78 0.30 6.30 1.75 4.25 1:25 38.50 2:90 0.15 327 65.4 
1065 0.78 0.31 0.22 1.77 4.30 2.16 8.90 2.92 0.166 319 64.5 

Table X 


Lathe Breakdown Test 
Speed 120 SFPM—Depth \% Inch—Feed 0.037 Inch 
Cutting S.A.E. 2335 of 213/220 Brinell—Soluble Oil Coolant 





Steel Rockwell Minutes 
No. . W Cr V Mo Cu B © Run 

50075 0.84 1.39 3.61 1.50 9.62 ee ~ 66.5 iw 32° 
50216 0.79 ee 4.31 1.60 9.01 2.93 0.14 64.0 18’ 48” 


Fig. 4 shows the microstructure of an annealed sample, Brinell 
228. The best heat treatment consists of quenching from 2200 to 
2250 degrees Fahr., although for some types of lathe tools 2325 de- 
grees Kahr. has been used to advantage. Table XI shows the hard- 
ness obtained at various quenching and drawing temperatures. Figs. 
> and 6 show hardened and drawn structures at magnifications of 
00 and 1500, respectively. 

Cutting Tests—Laboratory lathe breakdown tests indicate that 
this steel cuts as well as the best of the molybdenum steels on the 
market. Outside commercial tests have not been so conclusive. Some 
reports show better, and some results are worse than the molybde- 
num-tungsten steels now being used. As yet there are insufficient 
cutting data to attempt any classification. 

Decarburization—Compared with the regular molybdenum-tung- 
‘ten or molybdenum-vanadium steel, this material represents a marked 
provement. For example, machined samples heated to 2200 de- 


grees Fahr. for 10 minutes in an oxidizing atmosphere show less than 
0.004-ine} 


soft surface, while the regular molybdenum-tungsten or 
molybde; 


im-vanadium steels show 0.012 to 0.013 inch. 
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Table XI 
Hardening Series for 
6.0 Per Cent Tungsten, 6.0 Per Cent Molybdenum, 2.5 Per Cent Copper Steel 


—— 











Samples were turned down to % inch round, and a % inch wide flat surfs ace planed 
off on opposite sides for hardness determinations Specime ns were cut 2% inches long. They 
were preheated at 1600 degrees Fahr. for 15 minutes, held at high heat temperatures jn- 
dicated below for 4 minutes, and oil quenched. All were hardened in a gas, atmosphere 
controlled furnace. 











Temperature 
Test No. Degrees Fahr. Rockwell C Fracture 

1 1900 57.5-58.5 Quite refined 
2 2000 61-62 Quite refined 
3 2050 62-62.5 Quite refined 
4 2100 62.5-63 Refined 

5 2150 62-63 Refined 

6 2200 62-63 Refined 

7 2250 61.5-62.5 Slightly coarse 
8 2300 60-61.5 Quite coarse 














Note: Hardening range 2200 to 2250 degrees Fahr., oil quench 
1 












Drawing Series 


Specimens of same size and length as used in the hardening series were preheated at 
1600 degrees Fahr. for 15 minutes, held 4 minutes at the high temperature of 2225 degrees 
Fahr., and then quenched in oil. Tempering time was 2 hours, in an electric circulatir 


air furnace. 
















Test No. Temperature Rockwell C 
Degrees Fahr. 
17 As quenched 62-63 
18 400 59-60.5 
19 500 59-60 
20 700 60-61 
21 900 64-65 
22 950 65-66 
23 1000 65-66 
2 1050 65-66 
25 1100 64.5-64.5 
26 1200 57-58 






No decarburization 













Conclusions 


This type of steel is still in the process of development and test 
and it is too early to attempt an appraisal. It is indicated that tron 
a manufacturing standpoint this analysis would be satisfactory ané 
have the advantage of not requiring any coating when heated for 
cogging or rolling. Considering decarburization, it is a definite 1 








provement over existing molybdenum high speed steels. Disad 
vantages would be higher alloy cost and presence of copper im scrap 
as previously explained under Steel No. 3. 














STEEL No. 5 







4.00 to 6.00 Per Cent Tungsten, 3.50 to 6.00 Per Cent Molydenv 
4.00 Per Cent Chromium, 1.00 to 1.60 Per Cent Vanadium 





Another more recent steel now in process of developn 
test, and which shows considerable promise, has the following 
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Microstructure of Annealed 1-Inch Round Bar-Steel No. 4. Etchant 2 Per 
in Water. x 500. 
Quenched in Oil from 2225 Degrees Fahr. Tempered 2 Hours at 1050 


hr. Rockwell C 65.3, Etched 10 Per Cent Nital. Xx 500. 


Same as Fig. 5. Etched 10 Per Cent Nital. x 1500. 


irbon 0.75 to 0.85, manganese 0.20 to 0.40, silicon 0.30 to 


mium 3.50 to 4.50, molybdenum 3.50 to 6.00, tungsten 4.00 
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to 6.00, vanadium 1.00 to 1.60. This composition works very well in 
the mill and does not require borax or any coating in the heating 
operations. It anneals to about 228 Brinell and in this condition 







machines satisfactorily. The best hardening temperature has been 





found to be between 2275 and 2325 degrees Fahr., and when hard- 






ened in an ordinary semi-muffle gas furnace without a coating o/ 





borax, the parts come out clean of scale and have a file hard surface 





Rockwell readings taken on the surface after hardening average 63 





65 C. Satisfactory performance has been obtained with tools tem- 






veered at 1025 to 1125 degrees Fahr., and the hardness on the surfac 
Ss 





and in the interior after tempering, averages 64-67 C and a file hard 





condition is maintained. 





One interesting observation regarding this analysis is that pra 





tically all the carbides go into solution when heated for hardening 





This means that the matrix receives the benefit of nearly all th 






tungsten, molybdenum and vanadium in the steel. In prolonged d 





carburization tests in oxidizing atmospheres, the steel does not deca 






burize any more than 18-4-1. Lathe and drill cutting tests to date 





indicate performance equal to 18-4-1 or better. A steel of this typ: 


has low alloy and over-all cost, and there are no objectionable alloys 






from the scrap standpoint. The analysis appears to have defini: 





merit but no worthwhile appraisal can be made until a great man) 






more cutting tests have been reported. 







Summary 









| 
tne 


Considering cost, performance, and physical properties, 





molybdenum-tungsten type has not yet been surpassed as a genera 






purpose molybdenum high speed steel. The molybdenum-vanadium 





steel has a greater tendency to decarburize and it is too early to rat 






general performance. For several types of tools, it has proven vet) 






satisfactory. The boron and copper-boron steels (No. 2 and No. ° 





have definite manufacturing disadvantages. Steels No. 4 and No. ° 






are in process of testing and no definite conclusions can be reache 
as yet. Of these two, No. 5 steel appears to have the advantage 






to the absence of copper and slightly lower alloy content. 






The following acknowledgments are made: 
(1) To Mr. Gorham of the Gorham Tool Company, Detroit, !”' 
valuable information on the boron steels. 
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(2) To the Climax Molybdenum Company, Detroit, for valuable 
information on the copper-boron and 6.00 per cent molyb- 
denum, 6.00 per cent tungsten and 2.50 per cent copper 
steels. 

(3) To F. B. Lounsberry, Vice-President, Allegheny Ludlum 


Steel Corporation, for helpful suggestions and permission 
to publish this information. 

(4) To R. P. De Vries, Director of Research, Allegheny Lud- 
lum Steel Corporation, for suggestions and data on Steel 
No. 2. 

(5) To W. H. Wills, Metallurgist, Allegheny Ludlum Steel 
Corporation, for helpful suggestions. 


DISCUSSION 


Written Discussion: By J. H. McCadie, metallurgist, National Twist 
Drill and Tool Co., Detroit. 

The author has given an excellent contribution covering the merits and 
some of the difficulties encountered in the manufacture and use of molybdenum 
high speed steels. In general I agree closely with the results stated in the 
paper. 

[ am particularly interested in steel No. 5 because it gives promise of 
eliminating most of the difficulties encountered in the use of the older types of 
molybdenum steel. I have had the privilege of experimenting with a small 
quantity of this steel and have found that it can be heated and worked both in 
forging and hardening with the equipment at hand without the necessity of 
guarding against decarburization, by covering with borax or other protective 
practices 

In the hope of helping in the development of a steel more resistant to 
decarburization than the present molybdenum steel, I am offering the data 
in the tables accompanying the present discussion. 

The specimens were 3 inches long, cut from 0.203-diameter ground 
drill rod and tested without further machining. They were hardened in a 
controlled atmosphere furnace. Tempering was done in a circulating hot air 
type iurnace. All specimens were quenched in oil from the hardening heat. 
(he times given are the actual times the specimens were in the high heat fur- 
nace and do not include the preheating, which was done in another furnace 
held at 1500 degrees Fahr. The loads given were those required to break the 
specimens when supported on knife edges 2% inches apart, with the load 
applied at the center. 

The grain size was obtained by magnifying the polished and etched 
specimen, in the as-quenched condition, to 1000 diameters and counting the 


grains intersecting a 5-inch line. 


It WV 


| ‘timated that the specimens reached the temperature of the high 
eat turt 


n approximately 40 seconds. 
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_ 3 : : = — _ a — —. I 
All Specimens Tempered Two Hours 1025 Degrees Fahr. I kne 





Temperature Time parti! 
Degrees Fahr. Seconds Rockwell ‘‘C’”’ Load in Lbs. Grain Size I 
2100 40 59.7 900 No Grain 
2150 40 61. 993 No Grain moly! 
2200 40 63. 787 23 
40 64. 


735 21 
40 65. 693 16 eleme 
40 65. 


637 14 V 
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40 66. 
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Tempering Temperature a ver} 
Degrees Fahr. 

2 Hours Rockwell “*C”’ Load in Lbs. Grain Size 
1000 66.4 8 10 ; M 
1025 66. 53 10 that c 
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Tempering Temperature 

Degrees Fahr. V 

2 Hours Rockwell **C’”’ Load in Lbs. Grain Size 

1000 65. 693 
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The results shown in the first table would indicate that the steel has H: 
fairly wide hardening range. Good strength and hardness with a fine grain a" the ear 
obtained at from 2225 to 2250 degrees Fahr. The steel seems to have th no sig 
property of dissolving the carbides very rapidly at the hardening heats. This outstar 
we think is the cause of the loss of strength and increase in the grain size # All of 
the higher temperatures and longer times. melting 


The second and third tables show that the steel has good red hardness an to the 
responds to tempering in a very desirable manner. fF always 

It is hoped that Mr. Breeler will give us more information regarding this | much 
steel very soon. . be not 

Written Discussion: By P. A. E. Armstrong, Latrobe §! tric ote denum 
Co., New York. been 
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| have carefully read the author’s paper with a great deal of interest, and 
| know molybdenum high speed steels are capable of being improved by de- 
parting from the present usual analysis. 

Tungsten is a useful addition. It should be used to replace some of the 
molybdenum, and if 8 per cent or more of molybdenum is employed, it requires 
hisher chromium than 3.5-4 per cent to bring out the full effects of the various 
elements for superior cutting efficiency and protection against decarburization. 

Whatever merits boron has, it certainly does not make for ready forging 
or rolling. 

Steel No. 5 is very interesting as this is embraced in my work that I 
did prior to 1922 and subsequently. The analysis is covered within the scope 
of my patent No. 1,496,980 issued in 1924. I have obtained greater cutting 
efficiency out of steels within the range given for No. 5 than can be obtained 
from the more usual and well-known high speed steels of the 18-4-1 type. 
Cobalt makes a very efficient addition. A very excellent high speed steel, 
however, can be produced without the cobalt addition. 

A contemporary steel to the No. 5 analysis was the very excellent steel 
that was used for Cleveland Twist Drill Company’s Mezzo drills. This was 
a very balanced alloy and, considering the small amount of alloy present, it 
did remarkable work. 

My experience with steels of the type of the author’s No. 5 has shown 
that chromium should be somewhat in exeess of 4 per cent, the molybdenum 
and tungsten about the same or somewhat higher, the relationship between 
these and Mezzo steel, and its modifications, being similar. 

The vanadium is advantageous if it is kept in the neighborhood of 2 per 
cent rather than 1 per cent. High vanadium must be compensated for by 
increased carbon, therefore where the carbon is about 0.80 per cent, the 
vanadium is better about 1.75 per cent. 

Written Discussion: By R. P. DeVries, director of research, Alle- 
gheny Ludlum Steel Corp., Watervliet, N. Y. 

We wish to record our appreciation of the assembly in one paper of some 
of the recent developments in the field of high speed steel. The attempt to 
appraise their value has been enhanced by the many practical considerations 
dealt with, such as forgeability, tendency to decarburize and contamination of 
scrap with normally undesirable elements. All of these are essential items of 
immediate consideration to both producer and consumer. 

High speed steel development after the initial work done by Taylor in 
the early 1900's was summarized by him almost 20 years later as having made 
no signal advance over his early work. Breeler’s paper records some of the 
outstanding developments made 30 years after the time of Taylor’s initial work. 


All of the steels here dealt with have roughly only one half of the total high 
melting point elements of the standard 18-4-1 type analysis. The paper attests 
to the that these steels containing less alloy content with molybdenum 
always present are, from the standpoint of both the manufacturer and the user, 
much m critical in their behavior than the standard 18-4-1 type. It may 
be noted most of the steels discussed employ both tungsten and molyb- 
ae anc that when the element tungsten is omitted, the tool efficiency has 
-e ster 


up by increased use of higher vanadium contents. Boron 
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and other elements have been used in combination to overcome some of the 
natural obstacles. 

The research department of the Ludlum Steel Company laid the basi: 
for this type of work in the years 1923 and 1924, which work is embodied jy 
the patent No. 1,496,980 issued to Mr. Armstrong as far back as the year 1924 
With the advent of the Emmons type of high speed steel and the developmen 
of sintered carbides for use as cutting tools, this initial work was reviewed 
with the result that after three years of intermittent investigation the stee! 
No. 5 of Breeler’s paper was developed as having outstanding possibilities jy 
the low alloy range of high speed steels. The space that Mr. Breeler coy\¢ 
devote to this steel is, we hope, no index of the importance of this “new comer 
to the field. A few additional observations may therefore be of interest to the 
many users of high speed steel both in outlining the possibilities that exist j: 


a ‘ “a ap f This r 
this field as well as in emphasizing the critical nature of these steels whe 


° ° . ; steel 01 
they are seriously considered for actual replacement of much more expensiy: 


It 
grades. 
re ° ° ° ° ‘ ‘ ; concer;ri 
The analysis which is roughly defined in the paper under discussion a 
- under 
4+ to 6 per cent tungsten, 3.5 to 6 per cent molybdenum, 4 per cent chromium an 
1 to 1.60 per cent vanadium, must in actuality be much more closely defined fo 


best results in actual practice. The first consideration of the investigatio 


represe 
and va 


. e > . s dl €Xp 
could not be one of cost but the production of an alloy suitable to replac 


existing types of steels with at least an equal or higher type of cutting efficient 
After quite a few trials it was found that the quantity of expensive alloys us 


was no criterion of the efficiency of the steel obtained. It was, however, dis- ‘Sieieal 
CHIiO 


to 1.30 
8-4-1], 


closed that definite ratios of molybdenum to tungsten not exceeding, in gener 
a well defined maximum of 9 per cent tungsten and molybdenum combin 
were found to give results that could not be obtained by the use of slight! 
greater quantities or much greater quantities of both these elements in con 
bination. 
The next consideration was to establish whether steels well balanced a 
to their main constituents were more or less critical in other aspects. Breele 
has dealt briefly but adequately with the manufacturing phases that are par 
mount, not only in the manufacture of the steel but also the manutacture 
tools from the steel. These factors are briefly: freedom from forging dill 
culties, freedom from decarburization without the use of protective coatings 
good machinability of annealed structure, as well as good tool efficiency ove ae 
a wide range of applications. It must be considered rather noteworthy tha! Th 
‘ . . . . thy objectiy 
all of these requirements can be ctained as fully as they are existent ! 


: ; ; : — to call 
best standard types of steels and still »e accomplished with low alloy-conta an 


7 te . . ‘ lests ar 
cost. It is, incidentally, a rather disparaging comment on the stat 


. . Sell tne ul All 

knowledge with regard to the alloying of elements for practical and 10 
; . ‘ : ‘ . - , : : as 100) 

considerations, for in the investigation referred to, many combinatio! 

ments, costing considerably more than the Steel No. 5, showed 


efficiency indeed, when tested in tool applications. 
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Extensive cutting tests of various steels have been run intermitt 
a period of two years to establish the cutting efficiency and operating char 
acteristics in tool service. After the completion of many preliminary t* 
two steels coming within the scope of the analysis referred to by | reeler as 
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Steel No. 5 were selected for still more extensive tests. Steel No. 282 and 
No. 283 were melted to the following analysis: 


Type Analysis 


Steel 282 Steel 283 
Carbon 0.75-0.80 0.78-0.84 
Chromium 3.50-4.00 3.75-4.25 
Silicon 0.55-0.90 0.20-0.35 
Manganese 0.60-0.90 0.20-0.35 
Molybdenum 3.30-4.00 5.50-6.00 
Tungsten 4.60-5.00 5.50-6.00 
Vanadium 1.40-1.60 0.90-1.10 


This range of analyses shows none of the disadvantages in manufacturing of 
steel or tools discussed by Breeler. 

It will be noted that as far as the molybdenum and tungsten contents are 
concerned, the Steel No. 282 represents the lower end of the range noted 
under Breeler’s general analysis range for Steel No. 5, and Steel No. 283 
represents the upper portion of this range. The slight differences in silicon 
and vanadium content are adjusted to the requirements of the two steels on 
an experimental basis. 

These steels were always tested against a standard 18-4-1 high speed steel 
and in some tests against a steel of the general specification of: carbon 0.72 to 
0.81 per cent, silicon 0.20 to 0.45 per cent, manganese 0.30 per cent maximum, 
chromium 3.50 to 4.00 per cent, tungsten 1.30 to 1.80 per cent, vanadium 0.90 


to 1.30 per cent and molybdenum 8 to 9.50 per cent hereinafter identified as 
8-4-1, 


Summary of Lathe and Drill Tests 
Performance Given in Per Cent 


Standard 


No Type Steel 282 Steel 283 18-4-] 8-4-1] Lubricant 
Lathe 100 78 65 58 no 
Lathe 100 98 98 78 yes 
Drill 100 81 92 67 yes 
} Drill 100 80 8Y yes 


| The tests reported in the table above are not given in detail and not with the 
objective of emphasizing the superiority established in these tests, but rather 
to call attention by comparison to a few interesting matters. All of the cutting 
are given merely on a percentage basis. 


\ll of the tests shown in the table rate the performance of Steel No. 282 


tests 


as 100 per cent and relate the performance of the other steels to them on a 
percentage basis. The technique of all these tests was the same. Lathe tools 
_ twist drills were accurately ground. Every condition of test which could 
“© controiled was accurately controlled. Two regrinds and sometimes four 
Were taken for one lathe tool or twist drill test. Clearance angles, grinding 
a sriiding were done with machine tool precision. Variability in the 
lacninit | 


lity of the logs under test is probably one of the greatest vari- 
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Figs. 1 to 4—Photomicrographs of Steel 282. Size 7% Inch Round, 
10 Per Cent Hydrochloric Acid, Sp.G. 1.18, 3 Per Cent Nitric Acid, Sp.G 
Cent Methyl Alcohol, Absolute. > Minutes. 


Fig. Designation State 


] No. 1 Plain 2000 Degrees Fahr. Oil—Not Tempered 
2 No. 2 Plain 2100 Degrees Fahr. Oil—Not Tempered 
3 No. 3 Plain 2200 Degrees Fahr. Oil—-Not Tempered 
4 No. 4 Plain 2250 Degrees Fahr. Oil—-Not Tempered 


ables encountered. Every precaution was taken to eliminate the tactors ' 
variability as expressed in terms of differences in machinability of the ste¢’ 
used for testing the tools. 


The first lathe tests were run entirely without any coolant or any lubricat! 
with the result that the nose of the tool for the greater portion of the t* 
was well in the zone of the temperatures through which the too!s were tem 
pered after hardening, namely 1025 degrees Fahr. The perceniage results 
represent the average of all the heat treatments used and all of the regrin® 
made on the various tools. 


The second set of lathe tests was run on S. A. E. 2335 log heat treé a 
to an average of 210 to 225 Brinell. The log was 9 inches in diameter, © 
feet in length, driven by a 100 H.P. motor taking ™% inch depth cut al 
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Figs. 5 to 8—Photomicrographs of Steel 28 


Cent Hydrochloric Acid, Sp.G. 1.18, 3 Per Cent Nitric Acid, Sp.G. 1.42, 87 Per Cent 
Methyl Alcohol Absolute. % 500. Figs. 5 and 6—2 Minutes; Figs. 7 and 8—3 Minutes. 


to 


Size 7 Inch Round. Etchant, 10 Per 


Fig. Designation State 
5 No. 5 Plain 2300 Degrees Fahr. Oil—Not Tempered 
6 No. 6 Plain 2325 Degrees Fahr. Oil—Not Tempered 
j No. 7 Plain 2350 Degrees Fahr. Oil—Not Tempered 
8 No. 8 Plain 2375 Degrees Fahr. Oil—Not Tempered 


.032 feed. A variable speed D.C. motor maintained the surface feet per 
minute constant at any speed that was desired. The second set of lathe tests 
shows that the difference between the respective tools under test was less 
pronounced. The outstanding difference between the second lathe test and the 
rst one given previously is that the tools in the second lathe test were cooled 
with a powerful stream of lubricating coolant. The coolant was so effective 
that at the end of the test when the tool had failed, the nose of the tool was 
hot more than hand warm. 

The 


extensive test was made on drills 1 inch, v% inch and ¥s inch 
In diametey 


and the averages reported in Drill Test No. 3 above show the 


averages . . . - 5 
Wage ompiled from all tools with various ranges of heat treatments. 
Speeds an ; i : ‘ : 
deeds ar ‘ds were well into the upper range of commercial production of 
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Figs. 9 to 12—-Photomicrographs of Steel 282. Size % Inch Round, x 500 . 
10 Per Cent Hydrochloric Acid, Sp.G. 1.18, 3 Per Cent Nitric Acid, Sp.G. 1.42, & 
Cent Methyl Alcohol, Absolute. Fig. 9--3 Minutes; Fig. 10—2%4 Minutes; Figs 
12—2 Minutes. 


Fig. Designation State 


9 No. 2 Nicked 2300 Degrees Fahr. Oil—Tempered 400 Degrees I 
10 No. 3 Nicked 2300 Degrees Fahr. Oil—Tempered 500 Degrees Fa! 
11 No. 4 Nicked 2300 Degrees Fahr. Oil—-Tempered 600 Degrees Fah 
12 No. 5 Nicked 2300 Degrees Fahr. Oil—Tempered 700 Degrees F: 


speeds and feeds. All tests were run with lubricant and coolant. Compari! 
tests 1, 2 and 3, the Steel No. 282 shows certain superiority which 1s ver 
marked when no coolant is used as in the first test, not so marked when amp" 
coolant is used in the second test, and again very marked in the third and tourt 
tests where coolant was used. The reason for this may be that the tools mat 


j | 
o . ri ti. >Sipits cenun 
from 282 possess greater red hardness and resistance to wear. That the r n 


of the tests on the twist drills correspond much more closely to the conditions 
of testing without coolant or lubricant of the first test may simply be 
indication that twist drills never get full lubrication and coolant 
most need it, and that is at the point of the drill. 

All of the tests on 282 and 283 steel were carried out from least '™ 
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_ Figs. 13 to 16—Photomicrographs of Steel 282. Size % Inch Round, x 500. Etchant, 
0 Per Cent Hydrochloric Acid, Sp.G. 1.18, 3 Per Cent Nitric Acid, Sp.G. 1.42, 87 Per 
Cent Methyl Alcohol, Absolute. Fig. 13—-1344 Minutes; Others 1% Minutes. 





Fig Designation State 
13 No. 6 Nicked 2300 Degrees Fahr. Oil—Tempered 800 Degrees Fahr. 
14 No. 7 Nicked 2300 Degrees Fahr. Oil-—Tempered 900 Degrees Fahr. 
es Fahr I) No. & Nicked 2300 Degrees Fahr. Oil—Tempered 1000 Degrees Fahr. 
Pes em No. 9 Nicked 2300 Degrees Fahr. Oil—-Tempered 1025 Degrees Fahr. 
es ant 
ees Faht 
different temperatures of heat treatment, always ranging between 2250 and 
- 29C ae . a " ‘ 
Comparing -J<) degrees Fahr. and tempered to 1025 degrees Fahr. for two hours. In 
‘ich is vel all lathe tests and retests the higher temperatures of heat treatment gave the 
i highes : ’ sigh a * 
when ampl highest test results but in the case of Steel No. 282, the lowest temperatures 
1 and fourt at which the tools were heat treated before test gave much better comparative 
ad] re S ] ee : . ’ 
» tools maa results than the grade that was higher by 3 per cent in tungsten and molyb- 


t the results denum Cc mbined. 
re conditions \ll steels of 18-4-1 standard seativets: and analesle 8-4-1 were heat sated 


mply be @! r the ng tests on the basis of what past experience had shown to bring 
where the) Out the t results. 


Steels 282 and 283 were always heat treated as aforesaid 
Irom tw 


ifferent ranges of temperature and therefore the averages as 


1 reported | ye ° 
Jeast ( ported de the results of inferior as well as better heat treatments. 
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Figs. 17 to 20—-Photomicrographs of Steel 282. Size 7 Inch Round, 
10 Per Cent Hydrochloric Acid, Sp.G. 1.18, 3 Per Cent Nitric Acid, Sp.G 
Cent Methyl Alcohol Absolute. 1% Minutes. 
Fig. Designation State 
17 No. 10 Nicked 2300 Degrees Fahr. Oil—Tempered 1050 Degre 
18 No. 11 Nicked 2300 Degrees Fahr. Oil—Tempered 1075 Degre 
19 No. 12 Nicked 2300 Degrees Fahr. Oil—Tempered 1100 Degt 
20 No. 13 Nicked 2300 Degrees Fahr. Oil—Tempered 1200 Degre 


The microstructure that can be obtained in hardening on steel o! 


general analysis range No. 5, correspond very closely to those obt 


Steel No. 282. Photomicrographs 1 to 8 show the steels oil-quench 


a range of temperature from 2000 to 2375 degrees Fahr., by vary" 


steps. Photomicrographs 9 to 20 show the structure of the steel a 
at 2300 degrees Fahr., oil quench and drawn to various temperatu! 
with 400 degrees Fahr. and running through to 1200 degrees Fahr., | 
degree steps. The photomicrographs clearly indicate that the ra 
ceptable hardened structures is defined closely by the temperature ra! 
2325 degrees Fahr. Where facilities are lacking for close temperat' 


even the higher temperatures shown here of 2350 degrees Fahr 


destructive of high cutting efficiency for lathe and planer tools. 
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This discussion has endeavored to show the possibilities that exist of 
obtaining still greater efficiency in the low alloy content range of high speed 
steels when due regard is given to all factors which are always encountered 
in the manufacture and use of the same. We consider it fortunate that this 
result can be apparently well attained without the use of elements such as 
copper, boron and other elements which introduce other factors which may 
partially eliminate certain difficulties while introducing others just as difficult 
to control, 

Written Discussion: By E. Fetz, research metallurgist, Wilbur B. 
Driver Co., Newark, N. J. 

Supported by a wealth of data, Mr. Breeler presents an interesting picture 
of recent developments in molybdenum high speed cutting steels. He has 
briefly referred to earlier contributions in this field. Taylor and White already 
recognized the possibilities of molybdenum. During the world war, similar 
conditions prevailed in Germany as in the U. S. A. and strenuous efforts were 
made with a limited success to replace the 18-4-1 standard high speed steel 
by molybdenum-base alloys. Lately, experimental work on a large scale has 
been resumed in German research laboratories along the lines of Mr. Breeler’s 
investigation. While Mr. Breeler disclaims the intention of “comparing molyb- 
denum high speed steels with 18-4-1” it was the very object of investigations by 
Houdremont and Schrader, Scherer and Beutel Rapatz, Pollack and Holz- 
berger to deal a blow to the traditional high speed steels high in tungsten. 
The approach was from two directions: 

(a) by lowering the tungsten content to about 10-13 per cent alongside a 

slight increase of molybdenum and vanadium and 

(b) by partly or completely replacing tungsten by other alloy additions 

among which molybdenum plays a conspicuous role. 
Experiments along the latter line are partly analogous to Mr. Breeler’s kK 
and it may be of interest to present in a nutshell a few findings of abroad. 

The first table of the present discussion compares the cutting ability of the 
\8-4-1 high speed steel (Steel No. 1) with steels in which tungsten has been 
lowered to less than 6 per cent or completely replaced by varying additions of 
molybdenum and vanadium. All of the steels contain 4 to 4.5 per cent chromium 
as it has been found that the cutting ability drops markedly with decreasing 
chromium contents. 

As can 


be seen, a steel having a nominal analysis of 0.9 per cent carbon, 
: per cent 


tungsten, 2.3 per cent vanadium and 5 per cent molybdenum (Steel 


No, ’) materially surpasses 18-4-1. Except for the higher vanadium content, 
‘is steel falls into the group of Mr. Breeler’s steels described on page 306 and 
character’ | as “a more recent steel now in process of development.” It 
a s| “considerable promise” as substantiated by cutting tests made 
abroad. ducing the molybdenum content to 4.5 per cent and slightly ad- 
Justing lium and carbon, the cutting performance has not been impaired. 
Lowerin molybdenum content to 3 per cent (Steel No. 7) and 1 per cent 
ee 10) drastically reduces the cutting ability although not below 
anes |. Molybdenum-free high speed steel (Steel 11) yields a much 
— in spite of the substantial increase of tungsten and vanadium, 
respectiy 6 


per cent and 4.5 per cent, these steels hold their edge only 
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half as long as the 1 per cent molybdenum high speed steel containing as jt), 

as 2.3 per cent vanadium. It appears that a certain minimum amount 

molybdenum is of paramount significance in low tungsten high speed steels 

The increase of vanadium above 3 per cent seems to offer hardly any adya 

tages in this class of high speed steels. Another series of tests in the secop 

table shows the superiority of a 6 per cent tungsten, 2 per cent vanadium, 4 per 

cent molybdenum steel (Steel No. 16) over high speed steels high in tuneste: 

(Steels Nos. 14 and 15). Experiments with molybdenum high speed steels work i 

(about 7 per cent molybdenum) which contain no tungsten, yielded about th | of the 

same service as the 18-4-1 type if the vanadium content is raised to 4 per cent B molyb 
The effect of cobalt in molybdenum high speed steels seems to requi: range 

some further investigations. Mr. Breeler’s study of the effect of boron a high s 


copper is of great interest. ounis 
h 


The author’s paper and the international literature offer an abundance = may 
chemical compositions for molybdenum high speed steels and it appears to | OVO tor 
an urgent desideratum at this time to accumulate more testing data for sel » made 
tion of the most favorable compositions. These investigations should not moly be 
confined to lathe tests but should be extended to drilling and milling exper S efficien 
ments as the relative performance in these applications varies quite often. T| 
publication of the experimental results should include a detailed descripti 
of the testing conditions. 

The proof has been furnished so far that, with proper heat treatment 
newly developed types of molybdenum high speed steels are not only equ 


ee 100 pe 


to the old 18-4-1 but partly surpass it as to cutting performance and 


iti OT f 


cost. Mr. Breeler’s contribution represents a very valuable one. 


Lathe Breakdown Tests with Molybdenum High Speed Steels in Comparison with 1}-+! 
Steel No. } 3 } 5 6 7 8 
en ee : eee Te a Ea 
Molybdenum 0.5 3.95 3.47 3.47 +.40 2.86 3.10 
Vanadium 98 5.68 2.40 2.63 2.80 2.63 2.80 
I 5 She ee Te 75 1.49 0.93 1.12 0.99 0.93 1.01 
Min. run .. ee 14 23 36 25 36 38 7 t does 


f 


Depth of Cut 0.118 in 
Feed: 0.036 tn. 
Cutting Speed: 55 ft./min Watert 
Machined Steel: Plain C steel of 106,400 Ibs./sq. in. 5h 


Watert 


= ment 
Lathe Breakdown Test on Molybdenum High Speed Steel in Comparison with Tungste" 
High Speed Steel 
Steel No 15 
Tungsten 22 12.45 
Molybdenum ... .44 0.78 
Wee oS 5 wo.e w'clons 62 2.60 
Carbon 74 0.83 
Min. run .... dati 37 47 
Depth of Cut 0.118 in. 
Feed: 0.036 in 
Cutting Speed: 48.8 ft./min. 
Machined Steel: Manganese-silicon steel of 121,000 Ib./sq. in. 


Written Discussion: By J. P. Gill, chief metallurgist, Van: 
Steel Co., Latrobe, Pa. 
Mr. Breeler is to be highly complimented not only in dis« 
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interesting data but also in making possible the discussion of a subject which 
has not been any too thoroughly discussed in open meetings. 

Certainly all of the tool steel manufacturers who produce large amounts 
of high speed steel have done and are doing considerable experimental work 
with molybdenum-base high speed steels. Many data and information have 
heen collected that have not been disclosed. 

Mr. Breeler has listed three main reasons for prompting the development 
work in molybdenum high speed steels but it seems to me that possibly several 
of the most important reasons were omitted, namely, the efforts to produce a 
molybdenum high speed steel which does not have the narrow heat treating 
range of the molybdenum-tungsten type and second, to produce a molybdenum 
high speed steel that does not show wide variations in physical properties 
even when heat treated under the best controlled conditions. Two examples 
may be given to illustrate the necessity for such developments. In a test of 
(00 tools of the same type made of molybdenum-tungsten steel versus 600 tools 
made of 18.00 per cent tungsten steel, of the best 20 tools of each lot the 
molybdenum-tungsten steels actually showed about 5 per cent better cutting 
eficiency. Of the poorest 20 tools of each lot the tools of 18.00 per cent 
tungsten high speed steel were three times as good as the poorest tools of the 
molybdenum-tungsten type. The variation in performance between the best 
3) versus the poorest 50 of the tools of the 18.00 per cent tungsten high speed 
steel was in the vicinity of 20 per cent while the variation in performance be- 
tween the best 50 of the molybdenum steels versus the poorest 50 was over 
100 per cent. It is possibly needless to add that the average performance of 
all of the molybdenum-tungsten tools versus that of the 18.00 per cent tungsten 
tools was much inferior. To give a second example, the writer is acquainted 
with at least one large user of molybdenum-tungsten high speed steel who 
actually heat treats several pilot tools made of each lot or heat of the steel 
that is received and varies his heat treatment accordingly, a thing unheard of 
today by tool makers who use 18.00 per cent tungsten high speed steel. 

In reference to the molybdenum-2.00 per cent vanadium high speed steels 

does not appear that they were any more anticipated by the work of the 
Watertown Arsenal than were the molybdenum-tungsten high speed steels. The 
Watertown Arsenal did considerable experimental work in partial replace- 
ment of the molybdenum content with tungsten and their steel number 61 had 
a chemical composition of 0.74 per cent carbon, 4.19 per cent chromium, 1.26 


per 


r cent vanadium, 7.06 per cent molybdenum and 4.44 per cent tungsten, 
wich seems Just as much a forerunner of the molybdenum-tungsten steels as 
he steel mentioned by Mr. Breeler was a forerunner of the molybdenum- 
\ 1 lity 

Valladium teels. 


Mr. Breeler has mentioned one or two cutting tests of the molybdenum- 


wigsten type versus that of the molybdenum-vanadium type. Since these 


utting tests are so brief as to be hardly worth mentioning it might be of 


mera ie audience that during the past two years we have an accumu- 
lated test drills in sizes varying from ™% to 1% inches in diameter. The 
: eel used in these tools was the molybdenum-vanadium, both type 1 and type 
aa ~ y Mr. Breeler. The molybdenum-vanadium steel was made by 


manufacturers. The molybdenum-tungsten steel was made by 
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four different manufacturers. The drills were made and tested by five differ. 
ent drill makers. The tests were conducted both in the laboratory and ; 
the field. The accumulated number of tools in these tests is the large tot, 
of 6120. The molybdenum-vanadium steels showed a superiority of 36, per cessit 
cent in tool life over that of a like number of molybdenum-tungsten drij\: The 
against which they were tested and used. In addition to these drill tests y, 
have accumulated over 250 direct field tests of molybdenum-vanadium tee); 
versus molybdenum-tungsten and in 91 per cent of these tests the molybdenum. cout 
vanadium steel has shown a marked superiority in cutting performance. There Specin 


: ¢ ; . Heat 
are hundreds of users of molybdenum-vanadium high speed steels that wil Teme 


phere 
no OX 


time. 


( 
cent 4 


show ‘ 


question Mr. Breeler’s conclusion that the molybdenum-tungsten type has no 

yet been surpassed as a general purpose molybdenum high speed steel. 
I would be interested in knowing more about the manner of conducting 

the impact tests described by Mr. Breeler, since we have not been able : 

obtain consistent results with impact tests on hardened high speed steel wh 

the steel is about 61 or 62 Rockwell C or higher in hardness. Our experienc: 

has been that specimens of all types of high speed steel treated at the sar 

time often vary 100 per cent in the foot-pounds of absorbed energy. Not on! 

have we been unabie to obtain consistent results in our own laboratory 

two highly reputable commercial testing laboratories have not been able | 

obtain consistent results in impact testing of extremely hard high speed st 

samples. It would be interesting for Mr. Breeler to state something as t 

number of specimens he used and also of the maximum variation in result: 

he obtains between different specimens treated and tested alike. 
In reference to decarburization of molybdenum-vanadium steels vers 

Cycloy 
V 


excel le 


that of the molybdenum-tungsten type, our laboratory has made a number 

tests at different times under different heat treating conditions and we hav 
never found a material difference in tendency toward decarburization betwee 
the molybdenum-vanadium types and the molybdenum-tungsten types. Reports 
from users of the two steels who have made similar tests confirm these results 
We have followed the procedure of testing for decarburization by temperins 
the specimens to about 1250 degrees Fahr. in order to only soften them slight! 
and still not affect the decarburization which has resulted from the hardening 


procedure. We then sand blast the specimens and clean the suriace Ww ; : 
that 1! 


In 


tuture 


emery cloth. Successive cuts are made from the surface of the specime 
with a carbide tool, the cuts usually being 0.003 inch in depth. The chips 4 
collected from each cut and the carbon determination made. We have tou! 


. additi 
‘ P s ‘ : : ‘ adcditye 
this procedure far more accurate than microscopic examination, due to ! 


fact that microscopic examination does not always disclose a definite differen ‘alled 
in structure when only partial decarburization has resulted and for practic 
purposes partial decarburization may prove as detrimental to the suriace 

tool as almost complete decarburization. When round specimens are used @ 
analysis of the chips gives a highly accurate average of the partial arburiza 
tion that has taken place, which cannot be obtained by microscopic examl'® 
tion as decarburization is usually not uniform on high speed stee! specime® 


Typical of the many comparisons which have been made on comparing © 
carburization on molybdenum-tungsten high speed steels versus 
molybdenum-vanadium type is one in which an analysis of the fu 
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phere showed 10 per cent carbon dioxide, 1.8 per cent carbon monoxide with 

no oxygen. One specimen of each steel was placed in the furnace at the same 

time. The specimens were held 3 minutes, 5 minutes and 10 minutes. Suc- 

cessive cuts of 0.003 inch each in depth were then made and analyzed for carbon. 

The original carbon content of the molybdenum-vanadium steel was 0.83 per 

cent and the molybdenum-tungsten steel was 0.80 per cent. The following table 

shows the results of the test: 

Cuts of 0.003 inch in depth. 

Specimens were 4 inch round, machined from 1 inch round. 

Heat treating procedure—preheat 1350 degrees Fahr., high 2210 degrees Fahr. 

Tempered at 1250 degrees Fahr. Furnace atmosphere 10.2 per cent CO, and 1.5 per 
cent CO. 

No oxygen. 


——Carbon Content, Per Cent————_~ 
lst Cut 2nd Cut 3rd Cut 4th Cut 5th Cut 


Mo-V 3 min. 0.67 0.81 0.82 

Mo-W 3 min. 0.67 0.77 0.80 i 

Mo-V 5 min. 0.53 0.70 0.80 0.81 

Mo-W 5 min. 0.57 0.69 0.75 0.78 Sab 
Mo-V 10 min. 0.33 0.53 0.68 0.74 0.76 
Mo-W 10 min. 0.30 0.54 0.65 0.69 0.71 


The average of the results given by Mr. Breeler of the decarburization 
for the two types of steels is not greatly different. Anyway this discussion of 
decarburization is merely academic, as both steels decarburize to such an extent 
that their surface must be protected and when the surface of either is protected 
there is positively no difference in their tendency to decarburize. 

| would like to offer further discussion of this interesting subject but feel 
that if | do so my discussion may become longer than the paper. 

Written Discussion: By N. I. Stotz, metallurgical engineer, Universal- 
Cyclops Steel Corp., Titusville, Pa. 

We cannot express too strongly to Mr. Breeler our appreciation for this 
excellent paper. While some parts of it are already historical it is well to 
have a concise record in our literature of what has gone on so intensively 
behind the scenes. In a broad sense our experiences parallel those reported by 
Mr. Breeler, The first sentence in the summary “considering cost, perform- 
ance, and physical properties, the molybdenum-tungsten type has not yet been 
surpassed as a general purpose high speed steel” might go further and say that 
this type continues to hold the same place in the family of molybdenum steels 
that 18-4-1 holds in the family of tungsten steels. 

In the development of the “super” molybdenum high speed steel of the 
ture our experience to date points definitely toward cobalt as the major 
additional alloying element. Much interesting work is in progress but de- 
tailed results are not yet available. 


a 
Iu 


We are particularly interested in Table I on page 295 giving Izod values 
‘or two of the molybdenum-vanadium types and the molybdenum-tungsten 
type. We view all such tables on so complex an alloy as high speed steel with 
‘qual suspicion because so often there is no certain common denominator to 
eae oe of comparison. We note, for instance, that a common 

a -<U) degrees Fahr. has been used for all three steels. Our experi- 
ence has been that if a given set of furnace conditions are constant as to time 


and atmos 


4 re about 20 degrees more temperature is required to fully harden 
1 molly 


um-vanadium type. Therefore, under the conditions of this 
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comparison we would expect the molybdenum-vanadium type to be somewha 
underhardened as compared to the molybdenum-tungsten type. This woy) 
react to their advantage in resultant Izods. This is an excellent case to jllys. 
trate how the use of the quantitative grain size measurements can give a cley 
to some more reliable common denominator of comparison. Mr. Breeler h; 
used good judgment in interpreting this table rather broadly. 

In the case of Steel No. 3, the molybdenum-tungsten type with copper an 










boron, our tests showed definitely inferior Izod values, but since this ste 
seems uncommercial from the forgeability angle, detailed discussion may } 
of no particular value. 






Our interest in Steel No. 4 has always been accompanied by two c 
flicting viewpoints. The presence of copper seems to be an exacting pric: 
pay for the absence of decarburization. Even if there were no hope of relief | 
any other method this should still cause concern. However, each year has see 






further forward development in both liquid baths and atmosphere control 
muffle furnaces. This year is no exception. 








On the other hand this combination of tungsten and molybdenum with 
the copper may offer some interesting cutting results even if some deca 
burization has to be contended with. It is worthy of further study. 

Steel No. 5 is broadly patterned after some of the recent interesting st 
described in foreign literature except that the foreign compositions are son 


‘ 


what more generous in vanadium. It has been quite a surprise to us 








nearly many of these low alloy grades approach the cutting efficiency of 18-4 
although our experience to date does not indicate that they are equal. Mai 
tests show efficiencies of between 85 and 93 per cent. Such steels, however 
are intermediate in cost between 18-4-1 and the molybdenum-tungsten type: 
due to the appreciable tungsten content in the newer composition 

Recent literature does not altogether support Mr. Breeler’s optims! 
view of decarburization on Steel 5. Houdremont and Schrader’ descr! 






a steel containing essentially 4.5 per cent molybdenum, 5.5 per cent tungst 
and 2.4 per cent vanadium. Decarburization by description and photogra) 
shows considerably deeper than any of the tungsten steels free from mo! 
denum. 

Written Discussion: By Victor Stefanides, metallurgist, Illinois 1 
Works and Shakeproof Lock Washer Co., Chicago. 

High speed steel is not very often a subject of discussion. At such oc 
sions when the subject is brought up, no effort is made to get to the fund 
mental principles of what constitutes an ideal cutting tool. We are dealin’ 
with the so-called tungsten 18-4-1 as well as molybdenum (8-4-1-1.5) high spe 
steels, and if one were to send out questionnaires, as to which of the two! 
better cutting tool, unquestionably there would be some conflicting opin’ 
as to the merit of one or the other. It is with this idea in mind tinat the wr 
will attempt to analyze the fundamental principles of cutting tools of wh 
the high speed steels form the major part. 
















What constitutes an ideal cutting tool in terms of high speed ste 






1Houdremont and Schrader, “Recent Developments in the Field of High 


Low in Imported Alloying Elements,’ Technische Mitteilungen Krupp, \ 
1937. 
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ideal cutting tool is one possessing high shock resisting properties with hard 
particles imbedded in a tough matrix, inert to moderately high temperatures. 
The high speed steels, subject in this discussion, answer to the above definition. 
Ry the above definition we have opened to discussions the two main con- 
stituents in the high speed steels, namely: the hard particles or carbides, and the 
matrix. High speed steel is an austenitic alloy in the as-quenched state. On 
tempering the hard carbides precipitate and are imbedded in a tough matrix. 

It is hoped that the validity of the statement: “The greater the number 
of carbide particles and the harder the particles, the greater will the efficiency 
of such tool be,” is conceded. If this statement is accepted then it will be 
recognized that the greater amount of carbon will be instrumental in creating 
a greater number of carbides, and the greater the percentage of the hard car- 
hide-forming element present the greater will be the number of the hard 
carbide particles. In the steel under discussion, we have the carbon and the 
carbide-forming elements, but shall consider only the tungsten and molyb- 
denum as the principal carbide-forming elements. 

In the field of metallurgy there appear to be two schools of thought: 
one professing the tungsten high speed steels to be superior to the molybdenum 
high speed steels, and the other school claiming just the opposite. Strange to 
say that both are correct, but no attempt has been made to explain “why.” 
Before an attempt is made to answer the question “why,” let us examine the 
elements given hereby : 


Ato- Closest Type of Possible 
mic Approach Lattice Crystal Carbide in 
Element No. of Atom Constant Lattice Density HS Steel 
l. Ta 73 2.84 3.281 oe a | 16.6 TasC 
W (a) 74 2.7097 3.1583 B.C. CU 19.3 
2. W (B) 5.04 CU W.C 
3. Mo 42 2.708 3.1401 a. &.. Ce 10.2 Mo.C 
+. Ch 41 2.840 3.03 BS. 4. a 8.4 CbhC 
bY 23 2.60 3.011 D. <. 481 5.68 VC 
6. Ur (a) 24 2.493 2.878 . f. ans 
(p) 2.717 Se iedes Sas ee 6.92 Cr4C 
(y) 8.717 B..C.CU CryCo 
Fe (a) 26 2.4774 2.86106 Ee eee 
(8) € 800° C.) 2.90 a Ce 
(vy) (1100° C.) 3.63 7 Rinses 7.86 Fe,C 
(6) (1400° C.) 2.93 lg oe ey 
U (diamond) 6 2.06 3.5597 Gases 3.5 
(graphite) 1.42 2.48 HEX 2.25 
Co (¢ 27 2.51 2.514 HEA. C, P. 
\ 3.554 yc. Co 8.9 
Ni (a) 28 2.487 2.66 HEX.C.P. 8.9 
V/ 3.517 Po Re Ges 
Mt 29 2.84 3.608 F.C. CU 8.92 


In the above table a list of elements usually encountered in high speed steel 
1S olive : . ° x . 

given, with their atomic number, closest approach of atoms, lattice con- 
‘tant, type of crystal lattice, density and the possible carbide form. The car- 


bide-formi: ‘ a i . ‘ 
le-formi elements are numbered from 1 to 7 inclusive, while the non- 


carbide ae _ ° ‘ 
ide-f ng elements are not. The elements are given in sequence so as 


the prominence of the carbide-forming affinity. The list starts 
nent tantalum, and the writer is of the opinion that it has the 
de-forming affinity because of the highest lattice constant and 


to design: ‘ 
with the ele 


LTeatest 
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the highest value of the closest approach of atoms. Though it may have the 
greatest carbide-forming affinity, it does not necessarily mean that it forms the 
hardest carbide. This, however, will be discussed later. As we go down the 
line we observe that the atomic number, the lattice constant and the closes 
approach of atoms is gradually diminishing and with it the carbide-forming 
affinity. This means, therefore, that if we select an iron-base alloy with th 
elements from 1 to 7 present with sufficient carbon to form carbides, the el; 
ment tantalum will combine with the carbon first and what is left of carbo: 
will be taken up by tungsten and so on down the line until all the carbon pres- 
ent is consumed. If a limited amount of carbon is present as for instance 
in 18-4-1 high speed steel, the tungsten will take up the major portion or 
about 0.55 per cent and the balance will be left to satisfy the vanadium a 
chromium. The chromium, although not having as great an affinity for carly 
as the vanadium, due to “mass action” will form some carbides. The “mas: 
action” relative to iron will also be a deciding factor, so that we can expect 
some carbides of chromium and iron as well as vanadium with some fr 
tungsten. However, if it were not for the “mass action” we could hardly expec: 
any chromium and iron carbide, because of the usual amount of carbon preser 
in the 18-4-1, about 0.55 per cent would be taken up by the tungsten, and t! 
balance of the carbon or 0.20 per cent would be just enough to satisfy 
vanadium. However, “mass action” interferes with such state of affairs, result 
ing in a slight amount of chromium and iron carbide. 

The writer has classified the element columbium as No. 4, because oi 
lattice constant, although its closest approach of atoms is equal to that 
tantalum. However, it is anticipated that this number is too high and a 
additional investigation is desired to check its validity. 

It will be observed further that all these carbide-forming elements 11 
list, when in equilibrium, are characterized by the “body-centered cube’ crys! 
lattice, another desirable property which adds to their carbide-forming afhnit 

The more one scrutinizes the above list, the more apparent it becomes 
that there is a very concise mathematical relation between the atomic number 
the closest approach of atoms, lattice constant, the crystal lattice, and the de! 
sity which determines not only the carbide-forming affinity, but the typ 
carbide and the hardness of the carbide. It is reasonable to assume that 
high carbon-high chromium steels the type of carbide one may expect would | 
the Cr;C:, whereas in the presence of high chromium but only a small amount 
carbon the CrsC type would predominate. In high speed steels wher 
affinity of tungsten or molybdenum and vanadium to form carbides 1s 
greatest and only a very small amount of carbon is available for th , 
and even that more or less due to “mass action,’ we may reasonably conclut 
that the chromium carbide which exists in high speed steels is of the CriC ye 
It is a well established fact that in 18 per cent chromium, 8 per cent nick 
and 0.07 per cent carbon only the CriC type of carbide exists. In tellite, 1° 
per cent tungsten, 27 per cent chromium, 50 per cent cobalt, and 2./5 | ' 
carbon, all of the tungsten goes into forming W:C carbide, usin 
0.55 per cent of the total carbon, and the balance of the carbon f 
combining with about 14 per cent of the total chromium. The ba! 
per cent of the total chromium forms a solid solution with the cob 
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the tungsten and the chromium carbides are imbedded. If to the above analysis 
only a small amount of vanadium is added, vanadium carbides are formed in 
preference to chromium carbides. The vanadium carbides are readily visible 
under the microscope. If Stellite with higher cutting efficiency is desired the 
percentage of tungsten is increased, which increases the amount of W.C but 
decreases the amount of CrsCz. 

If it is desired to increase the efficiency of high speed steel cutting tools 
the customary procedure is to increase the amount of tungsten and carbon, 
or the amount of vanadium and carbon with or without cobalt. On the 
European continent the practice is to use tungsten as high as 22 per cent, 
vanadium 2 or 3 per cent, carbon 0.90 to 1.00 per cent and cobalt 8 to 10 per 
cent. With higher tungsten to increase the tool efficiency it is necessary to 
have higher carbon to increase the amount of W:C. By increasing the carbon 
in a standard 18-4-1, not much is to be gained, because the excess carbon after 
satisfying the tungsten and vanadium carbide-forming affinity will form Cr;C, 
r CrsxC and FesC which have a very doubtful value for high speed cutting. 

It is quite obvious why the efficiency of a tool should be enhanced by in- 
creasing the carbon and tungsten content. Do we accomplish the same by in- 
creasing the carbon and the vanadium content? Many believe that we do, and 
perhaps they are right in their contention. However, the writer was always 
skeptical about the value of vanadium carbide in high speed steel, basing his 
skepticism on the density of vanadium which as given in the table is only 5.66 
as against 19.3 of tungsten. Of course, it may be argued that in case of vana- 
dium carbide one atom of vanadium combines with one atom of carbon-form- 
ing VC whereas in case of tungsten carbide, there are two atoms of tungsten 
combining with only one atom of carbon forming W:C. Vanadium carbide in 
order to approach the hardness of tungsten carbide would have to combine in 
ratio 1:3 forming VC;. The writer in order to prove this theory that the VC 
was not very useful for high speed cutting purposes proceeded in making an 
alloy of 12.5 per cent vanadium, 4.25 per cent carbon, and balance iron. On 
examining this alloy under the microscope an abnormal number of vanadium 
carbides were observed but there was no evidence of graphite as one may have 
suspected. The alloy was forged successfully at 2100 degrees Fahr. Quenching 
the alloy in tool bit form from 2100 to 2400 degrees Fahr. a hardness of 65 
to 67 Rockwell C was obtained but only limited solubility of carbides was ob- 
served. On quenched and tempered specimens at 1000 degrees Fahr., a hard- 
ness of 65 to 67 Rockwell C was obtained, and the cutting efficiency was only 
) per cent of that of high speed steel. 

Vanadium in high speed steel has a very important function to perform, 
and that function is that it becomes a carbon carrier. Its function is some- 
what similar to that of the red corpuscles in blood streams, which act as oxy- 
gen carriers, depositing the oxygen where it is mostly needed. The analogy 
's perhaps too far fetched but it serves the purpose to illustrate this point. The 
ction with regard to vanadium as a carbon carrier is not under- 
idging from the high powered metallographic investigation it ap- 
e W.C and VC form eutectics. With this combination the W.C 


' e hardness of the WC carbide, hardness of which is just below 
Mat Ot d nd. 
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The action of columbium is similar to that of vanadium; however, th 
CbC does not appear to form eutectic with the W:C, and consequently substi. 


tution of vanadium with columbium in high speed steel does not have th, 
beneficial effect the vanadium has. 


What has been said about tungsten, carbon and vanadium, applies to 


molybdenum, where molybdenum is being substituted for tungsten. However 
if in the molybdenum type of high speed steel tungsten is present, tungste; 
will be the first one to form carbides; this will be followed by molybdenum 
vanadium and so on down the line. 


Having established the carbide-forming affinity of the different element: 


present in high speed steel the next important consideration is their hardnesse; 


Hardness is defined as that property which resists deformation. Metals re- 


spond to deformation most readily when in an annealed condition which is , 
state of equilibrium. Once equilibrium is disturbed, either by cold working 
heating and quenching, driving other elements in solution which establish then 
selves at the space lattices, is always accompanied by disturbances to the equ- 
librium, or shall we say, stressing the lattice parameter which manifests itse! 
in hardness. The hardest element known is carbon in the form of diamond 
Diamond is a volcanic product, whereby carbonaceous matter was heated t 

very high temperature and quenched suddenly under pressure. Moissan 

French scientist proceeded somewhat on the same basis by heating sugar | 
4000 degrees Fahr. and quenching it under pressure in ice cold water, pr 
ducing synthetic diamonds. The hardness of diamond is not understood, | 

it is possible that at very high temperature it exists in a crystalline form whi 
is in equiliDrium at that temperature but on cooling tends to change to a dil- 
ferent crystalline form; the cooling rate, however, is so rapid that the chang 
does not occur and the crystalline form is retained which is abnormal to roo! 
temperature. This condition destroys equilibrium, sets up tremendous stresses 
which are manifested in the great hardness. Carbon in other forms such 4 
charcoal, coke, graphite is not hard, and because it is not hard we may ¢o 
clude that it is in equilibrium under the existing conditions. Carbon in t 


rner 


allotropic form of f.c.cu. (diamond) has a density of 3.5, whereas its oth 
allotropic form or hexagonal (graphite) has a density of only 2.25. It! 
tremendous change from one allotrope to another, and hereby lies the sect 
of the great hardness of diamonds. Evidently the equilibrium is in a hexagona 
crystal lattice, density of which is 2.25, yet due to rapid cooling under pres 
sure it exists in a f.c.cu. crystal lattice, density of which is 3.5. 

Everybody is familiar with the well known phenomenon of quenched ste 
Steel above the critical range is transformed from b.c.cu. to f.c.cu w! 
crystalline form the lattice constant has changed from 2.861 to 3.63 thus ¢ 


abling it to hold the carbides in solution, or may we say that the carbides 4 
entered the space lattice because of the enlargement of the lattice coms 


: ae cp 
and, as such, the steel is nonmagnetic, density of which is slightly higher 


quenching, however, it tends to revert from f.c.cu. crystalline form back | 


b.c.cu. crystalline form, but is restricted in doing so because the carbides '* 
behind in coming out of the space lattice or out of solution. The slower act’ 
of the carbides retards the transformation of the f.c.cu. parameter of the gam™ 
ferrite into b.c.cu. of the alpha ferrite which creates unbalanced juilibrium 
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resulting in residual stresses and consequently in great hardness. Of course 
the hardness obtained due to quenching of steel is not only due to the unbal- 
anced equilibrium of ferrite and austenite but slight to expension of the alpha 
ferrite and submicroscopic carbides which are in the stage of coming out of 
solution. It is understood that with other elements besides carbon present, the 
solubility of carbon in iron is reduced. The logic of that is simply this: when 
other elements are present they enter the space lattice of the iron so that there 
is less space available for the carbides, and consequently there is only a partial 
solution of carbides. In presence of silicon or aluminum or both the carbon 
although low may even graphitize. Some carbides may be too large to be 
comfortably accommodated in the space lattice, so that it takes either too high a 
temperature or too long time at high temperature to drive them into the space 
lattice. Illustration of this is high carbon-high chromium, high speed steels, 
etc. The lower the atomic weight of an element forming carbide, the more 
readily they go into solution. If carbides are hard to drive into solution, the 
resulting austenite is hard to break down. Presence of cobalt in high speed 
steels takes higher temperature to drive the carbides into solution, because 
part of the space lattice is occupied by the cobalt, and to break down the re- 
sulting austenite, takes a more drastic draw than high speed steel without the 
cobalt present. 

Hardness under some extraordinary condition is not a true expression of 
resistance to deformation in a sense that no true hardness is obtained on hard- 
ness testing instruments. The writer has observed on a number of occasions 
that on testing tools for hardness when 64-65 or even 66 Rockwell C was ob- 
tained, on testing with a file, the corresponding hardness was equivalent only 
to 61-62 or possibly 63 Rockwell C. Standard test blocks checked the instru- 
ment to be in good working condition, so that the difference must have been 
ue to some cause unknown to the writer. Some people do not attach much 
importance to file hardness, yet on checking tools, on which such differences 
‘xisted, were always inferior in their cutting performance when compared with 
tools on which Rockwell and file hardness were the same. On investigating 
the cause of such an effect, it was disclosed that tools of the molybdenum type 
acted in that manner when hardened in salt baths. Tools hardened in a 
muffle type of furnace and quenched to a liquid bath of KCl-Na:CO, at 1100 
degrees Fahr. followed by air or oil quench possessed the same type of hard- 
ness, though similar tools quenched in oil were satisfactory. Tools treated 
at 1050 degrees Fahr. for surface hardness in molten salts, rich in cyanide con- 
tent, and subsequently heat treated in a standard manner also gave similar 
hardness. However, tools hardened on several occasions in fresh barium 
chloride give satisfactory results, though its use for heat treating molybdenum 
ls is somewhat doubtful, because of its great solubility of iron oxide 
which would be detrimental. 


Mic Trost 


throw ar 


type Ster 


opic investigation of the tools with the erratic hardnesses did not 
light on the subject, though it was reasoned that the sodium, or 


potassiur r both, either in elemental or compound form, diffuse and perhaps 


re : ~} 1 . . . - . 
get esta ied in the space lattice preventing or prematurely forcing the car- 


olution. Tools annealed in pure Nz and heat treated in a standard 
tools heat treated in pure Ne, had the same type of hardness. 
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Pure N; is considered as an inert gas, and as such it appears to be when ip 
presence of more or less excess CO; however, when pure, it diffuses into th 
steel, establishing itself at the space lattice forcing the carbides out. 

Of course this erratic hardness is observed only on tempered tools. Op 
tools in the as-quenched condition the Rockwell hardness coincides with fj 
hardness which is usually 64 and 65. But the hardness of quenched high spec 
steel is erratic in itself and has no relation to the hardness obtained on tem. 
pering. If it were possible to quench high speed steel free of quenching stresses 
a hardness of 58 to 60 Rockwell C would likely be obtained. Such hardness ; 
due to the stressing of the austenitic lattice parameter and the resulting density 
However, on tempered steel the hardness is due to stresses caused by expan 
sion of the f.c.cu. to b.c.cu. and the dispersion of submicroscopic carbides 
which bring about resistance to deformation or equilibrium. 

So far the subject of carbide formation and the hardness of carbides hay 
not been discussed. This is important from the standpoint of evaluating th 
tungsten and the molybdenum high speed steels. 

In forming a mental picture to visualize how the compounds such as cai 
bides are being formed, one may go to an astronomer and ask him what his 
definition of a celestial atom is. No doubt he would say that a cosmic ator 
is a sun with planets revolving around it in an orbit; the sun or the positive! 
charged nucleus with planets or negatively charged electrons revolving around 
it. Indeed such is an elemental atom and the difference between a cosmi 
and an elemental atom is only in magnitude. Can anybody imagine wha! 
would happen if between two tungsten atoms or between two tungsten suns 
or nuclei, around each of which 74 negatively charged electrons or planets ar 
rotating in an orbit, if a much smaller atom such as carbon with one nuclew: 
or sun and only 6 negatively charged electrons or planets entered? 

The influence of the energy emanating from the tungsten suns upon th 
of carbon sun and its planets would be so tremendous that it would complete! 
encompass the carbon atom and change its entire structure. Yet the tw 
tungsten atoms in themselves would undergo a tremendous change part! 
because the influence of the carbon atom upon them and partly because of th 
dissipated energy upon the carbon. There would be no equilibrium in existenc 
between the tungsten nuclei and the negatively charged electrons. ‘The rota 
tion of the electrons in the orbit would be slowed down because of the energ 
from the carbon nucleus exerted upon them, yet there would be a tendenc 
on the part of the negatively charged electrons both tungsten and carbon t 
speed up their rotation in the orbit because the like charged electrons repe! 


oT 


each other. It would be improper to say that under such conditions, whet 
the equilibrium is absolutely destroyed, we are dealing with stresses, yet such 
is the case as we ordinarily understand it. Stress, whether it be cold rk, 
quenching, alloying, compound forming is always accompanied by hardness © 
resistance to deformation, or disturbance in equilibrium if you pleas 

The disturbance in the equilibrium must be indeed great when even ° 
property such as magnetism is lost on quenched or austenitic stec's Thi 
writer considers magnetism as an excess energy from the nucleus which ' 
being dissipated. The dissipated energy when carbides are in solu is evi 


dently being absorbed by them, so that such steels become nonmag The 
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writer in discussing Mr. H. D. Newell’s paper on Properties of 18-8, in the 
Transactions of American Society for Steel Treating, 1932, suggested that if 
18-8 was reasonably free of carbon, such a steel which is otherwise non- 
magnetic would actually become magnetic regardless of what temperature it was 
quenched from. Dr. Krivobok made 18-8 with 0.01 per cent carbon and found 
it magnetic under all conditions. It goes to prove that presence of carbon is 
necessary to retain the gamma space lattice which even such a potent element 
as nickel cannot do by itself, unless it is added in larger proportions. 

Having established the compound formation and its effect, namely, hard- 
ness, we can readily visualize that, depending on the type of compound, there 
is a corresponding hardness. WC due to its nature is harder than W.QC, 
because there is a greater disturbance in the equilibrium or greater stresses 
set up in the case of WC than in W:;C. Following the same line of reasoning, 
the formation of MoeC is accompanied by lesser degree of stressing because 
there are only 94 negatively charged electrons rotating in the orbit around 
the molybdenum nucleus giving it a density of 10.2, whereas in case of tung- 
sten there are 184 giving it a density of 19. Therefore, we may conclude the 
hardness of W:2C is approximately twice that of Mo:sC. The writer on his 
recent visit to the Climax Molybdenum Co. learned that this company is pro- 
ducing molybdenum carbides (Mo:C) on a commercial scale. On inquiring fur- 
ther about the hardness of this Mo:C he was told that it is only half as hard 
as W.2C. 

Now how are we going to reconcile ourselves to the fact that under some 
conditions the efficiency of the molybdenum type of high speed steel tool is 
equal, or better, to that of 18-4-1. An ordinary carbon steel tool if it were 
possible to keep it cool while cutting would be quite efficient on jobs where 
coeficient of friction was negligible. The writer after a considerable amount of 
research work established that although the heat at which a turning tool of 
\8-4-1 broke down was higher than that of molybdenum type yet on actual cut- 
ting, the molybdenum tool was more efficient than the 18-4-1. It was not logical 
yet the facts were there. Further investigation disclosed that one important 
iactor was completely disregarded, namely, heat conductivity. Hereby lies the 
secret of the greater efficiency of the molybdenum type tool under some 
cutting conditions. The molybdenum type high speed steel has a better heat 
conductivity than the 18-4-1. Having better heat conductivity it is capable of 
dissipating the heat generated at the cutting edge to the shank, thus retaining 
a cooler cutting edge longer than the 18-4-1. The molybdenum type of steels 
without the 1.5 to 2 per cent tungsten additions were investigated; however, 
they were found very unsatisfactory, confirming the contention that the W.C, 
even though present in small quantities, is very potent in increasing the wear 
resisting properties when combined with higher hardness. At the firm with 
which the writer is connected, to better the performance of 8-4-1-1.5 multiple 
cutting tools, the tools are heat treated to as high as 68-70 Rockwell C hardness. 


rdinarily such a tool would be considered too brittle, yet that is no problem 
with us. 


A gr 


: deal more may be said about the relative merits of the tungsten 
ugh speed 


steel as compared with the molybdenum type; however, the writer 


RE SE ‘ : : 
hot at liberty to discuss them in more detail. 
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Having established the foundation on which to judge or evaluate the merit; 
of a given high speed steel let us consider the 4 per cent molybdenum, 5 per 


cent tungsten type steel which forms the subject of this discussion. In thi 


analysis let us suppose that we have 0.80 per cent carbon and wish to resolye 
this in terms of carbides, we have: 


5 per cent tungsten combines w: 4 0.16 per cent carbon forming W.,( 
4 per cent molybdenum combines w:th 0.25 per cent carbon forming Mo.( 


some 
l per cent vanadium combines with 0.20 per cent carbon forming VC 


lent v 


- - . . . . . ; ST 
so that we have about 0.19 per cent left to form CrsC., CrsC and some Fe,( clu 
“hi ; os as eo . ye would 
This would be an abnormal amount of chromium carbide. And indeed suc! , 

° . " P S 2” 
ippears to be the case when one examines the photomicrographs or specimen pe 


of this steel under the microscope. The writer does not consider the chromiun involy 
carbides very efficient for high speed cutting. However, there is 5 per cent ——— 
tungsten, which in carbide form makes up for deficiency as compared with t! 
8 per cent molybdenum type. 
In the 8 per cent molybdenum steel about 0.50 per cent of the total carbo 
will combine to form Mo:C while only 0.05 per cent will be consumed to forn 
percentage of the W:;C, but this poor heat conductivity may be offset somewha 
by the presence of the lower percentage of the Mo2C, so that all in all the 4-3 
type may compare favorably with the 8-1.5 type, on turning soft and ductil 
erades of steel. However, it is anticipated that on multiple cutting tools wh 


W.C. In the 4-5 type we have poorer heat conductivity as due to the highe: 
} 


the wear resisting properties are of prime importance, the efficiency will : 
compare favorably with that of 18-4-l1 or even that of 8-4-1-1.5 type. 
In considering cutting problems, one soon learns that there are too mai 
variables to be accounted for; such as cutting oils with their volume, pressur 
cooling characteristics, viscosity; type of cutting whether lathe or screw ma 
chine, broaching or gear cutting type of machine, loose spindles, bad bearing: 
work tool slides, poor set-ups, improper feeds and speeds; type of steel beim: 
cut, its melting and rolling practice, thermal treatment, cold working and othe 
processing of the steel; then comes the tool with its variables that can have 4 
profound effect upon the results obtained such as type of high speed steel, th 
way the tools are heat treated and ground, as well as tool and clearance angles 
These are all elusive sources of trouble so that it is difficult to say whether w' than tl 
are observing differences in machining qualities of the metal, or the effect s in all: 
the machine, or the tool or the coolants. § which 
The writer has investigated the molybdenum type of high speed steels wi! p Steel fi 
copper, boron and copper-boron additions and found them inferior to the stan 
ard 8-4-1-1.5 type both as to the impact properties as well as cutting efficienc) been d 
The copper-boron type in the as-annealed state ranged in hardness, 0 ‘ IS remy 
4 inch square 6 inches long, from 18 to 32 Rockwell C. Such hardness 's “ hardne 
evidence of an abnormal equilibrium or residual stress and if heat treated | \ 
that condition grain growth would ensue. heard | 
With regard to the decarburization, tools made of these steels when hea! US som 
treated without the customary borax coating in an atmosphere contro! turna 
did not come up to standard and as such were rejected. : 
The 4-5 type has not been investigated as yet by the writer. | he st 
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may have some merit for turning mild steels. Its value, however, for cutting 
higher carbon alloy steels or shaping, hobbing or milling operations is doubtful, 
because of its low percentage of hard carbide forming element which reduces 
its wear resisting possibilities. 

The writer in this discussion has attempted, not to criticize the splendid 
work of the author in summarizing the attempts made to overcome the trouble- 
some problem of decarburization of the molybdenum type steels, and the excel- 
lent work he himself has undertaken to bring this problem to a satisfactory con- 
clusion, but rather to point out a way or a method to research work which 
would lead us to a better understanding of the fundamental principles of high 
speed steel. Once we have a better understanding of the basic principles 
involved in thermal treatments, we may then come to the solution of how to 
overcome decarburization. 


Oral Discussion 


\. H. pArcAMBAL:* Steel 282 of Allegheny Ludlum, containing 4.00 per 
cent molybdenum and 5.00 per cent tungsten, seems to behave quite favorably in 
regard to lack of decarburization. However, steel No. 283 does show decar- 
burization, and there is so little difference in the composition of these two 
steels | was wondering it difficulty would not be experienced regarding proper 
control of the alloying elements. In other words, at times you may receive steel 
t the No. 282 type which would decarburize when subjected to the so-called 
open fire process. 

Rk. P. DeVries:* | would like to add a few remarks apropos cf what 
Mr. d’Arcambal has just said concerning decarburization. About 600 different 
analyses of steels have been melted in the range of the grade 282 in the paper 
under discussion. In the attempt to get a steel that was at least equal to the 
regular 18-4-1, the critical aspects of these steels had to be very carefully con- 
sidered. Some of these aspects are so critical that the Allegheny Ludlum Steel 
Corp. to date have not brought out an analysis although they laid the founda- 
tion for this work in the year 1924. One of the critical aspects is decarburiza- 


+ 


on 


When steels similar to grade 282, in which the tungsten is slightly higher 
than the molybdenum, were tested for decarburization, it was found that it was 
| all respects equal to the regular 18-4-1 grade of high speed steel. The test 


which was used to determine the amount of decarburization was to expose the 
steel 


+] 


hen 


tor 3 hours at 2000 degrees Fahr. to a slightly oxidizing atmosphere and 
grind off by small increments the amount of steel that has in any way 


decarburized, checking the hardness at every step of grinding until stock 
iS removed 


been 


to the point where a maximum hardness and no further change of 


L- 
hardness 1 encountered. 


A. G. Spencer:* We have listened to the steel manufacturer, we have 


heard some of the reports from the tool manufacturer, Mr. McCadie has given 
$ some rmation as to the uses in drill tests. I thought it might be inter- 
Con metallurgist, Pratt & Whitney Division, Niles-Bement-Pond Co., Hartford 
a t research, Allegheny Ludlum Steel Corp., Watervliet, N. Y. 
. leta t 


Chevrolet Motor Co., Flint., Mich. 
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Company in Flint, Mich. 







to get. 









We are definitely interested in the molybdenum type of steels. 








developed, and, along with other users, we are anxious to co-operate. 






shafts, etc..—we have had very good results as far as we have gone. 
I might further add that it also offers possibilities, that is aside 








a viewpoint other than that of a steel manufacturer or a tool maker. 






not been discussed in public meetings very frequently. 
After listening to this discussion on molybdenum high speed 







speed steel. High speed steel is too important to industry to allow 







to stand behind and to use during this period. 





next year, there will probably be several more things mentioned. 







do this. I think it is in the right direction. Let us hope that be! 









Author’s Reply 


The author wishes to thank Mr. McCadie for his interest in 
and for the data in his tables giving hardness, grain size, and | 
to break standard test specimens. 












5Metallurgist, Crucible Steel Company of America, New York. 


definitely feel that only confusion can exist in the mind of the user 


In the discussion today, several types have been reported. At the 


June 


esting to give some of the results that we have had at the Chevrolet Moto; 


We have been working with the steel manufacturers, for the last tw 
years, and with some of the tool manufacturers and we are interested not only 
from the national economic viewpoint and the initial tool cost, but principally 
from the .rolonged tool life and greater cutting speeds which we may expec 


It is not always possible to carry on extensive tests in a plant, as the 
interfere with production, although the plant tests are the most important and 
most reliable. It takes a long time to make a test in the plant; various diff- 
culties arise; temporary conditions change the results; so that it is necessar) 
to carry on the tests for quite a long time in order to get reliable results. 
So far 
we have only had an opportunity to test the Mo-Max type. We hope later : 
work with the others, including vanadium, cobalt, copper-boron, e 
believe they have definite possibilities and while the optimum composition ma 
not yet be reached, that as experience is gained a still better steel will b: 
It shows 
promise in our plant as a lathe tool. On some of our severest jobs—crank 


from t 


subject of this paper, in hot die steels. We have had promising results in tha’ 
line. I thought these remarks might be of interest to the members as giving 


L. S. Bercen:* Mr. Gill’s comment that the paper is valuable in that 
offers an opportunity for discussion is well taken. This is a subject which ! 


{ 
stee . 


£ hy 
ot nix 


any 


of it to be in a confused state. I suppose it is perfectly natural for anything 
new to go through such a period. Fortunately, we have the old reliable 15-+ 


here | 
hope that the producers of high speed steel can get together and eliminate ! 
confusion which exists at the present time. There seems to be a tendency) 


re mal 


months go by, or many years, we can have one molybdenum type of high sp 
steel worthy of taking its place alongside the well proven, standard 18-4-! 
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The information contained in Mr. Armstrong’s discussion is in general 
agreement with the author’s ideas on the subject of low alloy high speed steels. 
7 The author wishes to thank Mr. DeVries for his very complete discussion 
of Steel No. 5, and for the photomicrographs showing structures at various 
hardening and tempering temperatures. 

The discussion by Mr, Fetz is very timely and of considerable interest. It 
indicates that foreign research confirms the author’s opinion of iow alloy 
cutting steels. 

In addition to Mr. DeVries’ reply to Mr. d’Arcambal regarding decar- 
burization of Steels 282 and 283 described in Mr. DeVries’ written discussion, 
the author would like to advise that both of these steels can be considered equal 
from the standpoint of decarburization under a variety of atmospheric condi- 
tions, and both steels show a degree of decarburization equal to 18-4-1. 

Mr. Spencer’s comments are appreciated. It is gratifying to know that 
high speed steel users are willing to try out new materials. It is only through 
such co-operation that we can determine the best combination of elements to 
produce a good cutting steel. 

Mr. Bergen has voiced an opinion which should be seriously considered by 
the tool steel industry. Every effort should be made to eliminate confusion 
regarding high speed cutting steels. 

Mr. Stotz brought out a point regarding No. 5 steel and referred to a 
foreign article on the subject of high speed cutting steels. In looking over 
this article I noticed that the author reported decarburization. All I can say 
is, that, with No. 5 steel as shown on the chart, we have made hundreds of 
tools and hardened them under all sorts of conditions, and they came out file 
hard. I do not know how much total decarburization might be revealed, but 
it appears to me that if a steel comes out of hardening file hard and with a 
Rockwell of 63-65 C, it is quite satisfactory. 

Mr. Stefanides is to be complimented on the very complete theoretical 
discussion of the role played by the various carbide-forming elements in high 
speed cutting steels. In his discussion on page 332 a prediction is made regard- 
ing No. 5 steel with an analysis of 5 per cent tungsten, 4 per cent molybdenum, 
and 1 per cent vanadium. I would like to point out that a better analysis 
representative of this grade would be 5 per cent tungsten, 4 per cent molyb- 
denum, and 1.50 per cent vanadium. This would reduce the amount of carbon 
lett to form chromium carbides, and, following Mr. Stefanides’ reasoning, this 
change would improve performance. Since introducing No. 5 steel, we find 
that it not only performs satisfactorily on soft materials but shows equally 
good performance on hard steels and cast materials. It has also been used to 
advantage on applications where wear resisting properties are of prime impor- 


‘ance. As soon as more of No, 5 steel has been used on a variety of cutting 
operations we will be in a better position to make a worthwhile appraisal. 
“P to date the performance has been very encouraging. 

In addition to the oral reply given to Mr. Gill’s discussion, I would like 
O Say tI 


the two additional reasons given by Mr. Gill for prompting the 
work in molybdenum high speed steels appear to be well covered 
reason, namely, to produce a better cutting steel with molybdenum 
inating alloying element. Mr. Gill requests information on the 


developm« as 
N my second 


as the pre 
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June 


number of samples used in determining the Izod impact values, and if he yj)! 


refer to Table I it states that the values are the average of four determina. 
tions, and the samples were unnotched. Variation in results was within 25 


per cent. As stated in my paper, the Izod test values were secondary jp 
importance to the actual tool performance when considering toughness. It j: 
unnecessary to discuss decarburization any more than has been done in thy 
paper, since as Mr. Gill himself states, “The discussion is merely academi 
as both steels decarburize to such an extent that their surface must be pr 
tected, and when the surface of either is protected there is positively no dif- 
ference in their tendency to decarburize.” In this statement Mr. Gill is refer 
ring to the molybdenum-tungsten and molybdenum-vanadium types of steel. 

I believe the points brought out by Mr. Gill are of sufficient importan 
to warrant some consideration before answering in detail. I did not have ; 
copy of his discussion to look over before the meeting. However, ther 
one or two things which we might clear up. Mr. Gill compares the moly! 
denum steels with 18-4-1 in part of his paper, and I did not attempt to mak 
any such comparison in mine. The reference with regard to the work 
Watertown Arsenal is one point where we differ. I mentioned in the pape: 
that the use of molybdenum-vanadium cutting steels anticipated the pres: 
molybdenum-tungsten type, and by that I meant the Mo-Max type shown 
the first line of the chart. I did not refer to any of the other tungsten con 
positions which are not used now. 

Several of the discussers mentioned the Izod test. I do not take any iss 
on this test, and I believe that Mr. Gill and the rest of us are in agreement 
as to just how much this type of test means. I merely included it to show t! 
the steel does absorb some energy before it breaks. What we are interest 
in is whether or not it makes a tool, and when we endeavored to appraise th 
toughness we thought the best thing to do was to look over hundreds of t 
to see whether they chipped or broke, and we found that they did not 
stated in the paper that the molybdenum-vanadium materials were as good 
any of the other molybdenum steels as to this property. 

It appears that Mr. Gill and I are at odds regarding decarburization 
difference is not great, and I believe we should hear from some oi the 
I know a number of users have tried out both types—so let them be the judges 
Both steels decarburize quite heavily, but if hardened in a salt bath or 
borax coating is used, neither of them decarburizes. 
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ABSOLUTE HARDNESS 


yy E.G. MAHIN AND G. J. Foss, JR. 


Abstract 


In the field of hardness testing many studies have 
been devoted to the effort to distinguish between the in- 
trinsic resistance of a metal to permanent deformation and 
the added resistance due to strain hardening, occurring 
after permanent deformation has begun. Both of these 
properties are included in the conventional hardness tests, 
with any of the currently used testing machines. The 
experimental determination of the first named property, 
which has been termed “absolute hardness,” is difficult. 
While several attempts have been made to accomplish such 
a determination, more attention has been paid to theoreti- 
cal deductions. 

In the present paper these experimental determina- 
tions and some theoretical deductions which have been 
made from conventional hardness tests are discussed. A 
method is reported, which is believed to be new, for the 
direct determination of absolute hardness. While this 
method is not at present applicable to routine testing 
does appear to be reasonably accurate and free from many 
of the errors incident to other reported methods. 


HE voluminous literature dealing with the subject of hardness 

is sufficient indication of the importance of this property and of 

the interest with which it is regarded. This interest is most manifest 

in connection with metallurgical questions because, among materials 

in general, metals are outstanding in their usefulness in applications 
based upon sirength characteristics. 

in addition to the many papers that have appeared, special men- 

tion should be made of O’Neill’s thorough treatment and summary 

1 his book upon the subject of hardness (1)? and of Williams’ 

series of papers (2), now being published. It is not proposed to 

undertake an extended discussion of the fundamental causes of re- 

sistance to penetration, scratching, abrasion or wear, or of the princi- 


icinesia enclesed 3 arentheses. i he x indicate citati : he fer re lis 
. nciosed in parentheses, in the text, indicate citations in the reterence list, 
at the end of the paper. 


\ paper presented before the Twentieth Annual Convention of the Society 
eld in Detroit, October 17 to 21, 1938. Of the authors, E. G. Mahin is pro- 


. Or of metallurgy and head of the department of metallurgy, University of 
4 D ne, and G. J. Foss, Jr., is graduate assistant in metallurgy, University 
~ Notre Dame, Notre Dame, Indiana. Manuscript received June 22, 1938. 
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ples involved in the many methods for measurement of “hardness,” 
except as they may be involved in the discussion of what has been 
termed “absolute hardness.” These matters have been extensively 
treated in special papers and in publications to which general refer- 
ence was made, above. It is desired to emphasize, however, as many 
others have done, the difficulties involved in the attempt to arrive at 
a satisfactory and acceptable definition of the term “hardness’’ itself, 
and the wide discrepancies in such definitions and testing methods 
Almost anyone is inclined to feel that he understands the general 
meaning of the term. Nearly everyone experiences difficulty i 
expressing this meaning in a manner that will be practically useful 
and, at the same time, free from theoretical objections. 

Suggested definitions have ranged all the way from ‘‘—resistanc 
to permanent deformation” (Jeffries and Archer) (3) and “—th 
intensity of the maximum pressure—which just produces yielding 
(Honda) (4) to the expression of hardness numbers obtained by us 
of any of the standard commercial testing machines. The concep- 
tions covered by the first two, above quoted, may be regarded as 
fundamental in nature and they obviously lay emphasis upon th 
inherent capacity of a material for resisting applied stresses without 
thereby suffering any fundamental alteration in internal structure, 
while the expressions of the second class refer to practical deter 
minations of ultimate resistance to continued alteration in torm 

Hardness as evidenced by resistance to scratching, abrasion 01 
wear will not be discussed in this paper. Certain elements oi 
empiricism involved in such tests would appear to preclude the poss! 
bility that they should ever attain the status of anything more tha 
practical tests, of practical value but incapable of very scientific inter 
pretation. It is sufficient, for the present analysis, to confine t! 
discussion to indentation (penetration) hardness and to its measure 
ment. 

It is generally recognized that all of the conventional hardness 
tests, as applied to metals, measure finally the resistance of a strat! 
hardened material and that they provide no indication whatever 
to the resistance capacity of the metal as it was before the hardness 
test was begun, as covered by the conceptions of Honda, Jef: 
Archer, and others. This distinction is not, by any means, : 
academic one. It may be likened, in a manner, to the disti 
between proportional limit (or yield point) and ultimate stré 
determined in a tensile test. If the designing engineer cou! 
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onlv one of these values, he would consider the yield point as of far 
oreater importance than the ultimate strength, since a metal part 
ceases to be useful in a permanent sense, in a structural part or a 
machine, as soon as it has suffered permanent deformation. If the 
engineer could be provided with no information concerning the 
behavior of a metal in the early part of the test he would experience 
considerable difficulty in the designing of structural parts, as based 
merely upon a knowledge of the ultimate strength of strain-hardened 
metal. This would be true even if ultimate strength were commonly 
reported upon the correct basis of cross sectional area at the “neck,” 
instead of upon the present conventional basis of the original cross 
sectional area of the unstrained material. For here, as in hardness 
tests, severe cold working has been accomplished and the final meas- 
urement has been made upon strain-hardened metal. Were a con- 
venient test available in the field of hardness characteristics, surely 
the engineer would be more interested in knowing the maximum unit 
stress which could be supported by the material without permanent 
deformation taking place, than in the stress which would be supported 
after permanent deformation, with its resulting strain hardening, has 
occurred. 

In hardness testing the situation is even worse than in tensile or 
compressive testing. In the tensile test, for example, one may at 
least assume that at the point at which failure finally occurs the 
strain hardening effect has a certain degree of uniformity of distribu- 
tion over the entire cross section. No such situation obtains in.a 
hardness test, and two or three of the more widely used tests may be 
cited as illustrating this statement. 

From the standpoint of mathematical expression the Brinell 
test, while not applicable to all fabricated parts, approaches an ideal 
test as closely as any, especially if the Brinell numbers are calculated 
by the modification suggested by Meyer (5). Using this modifica- 
ion, which substitutes the area of the projection of the impression 
lor the surface area of this impression, the Brinell-Meyer number 
becomes the maximum unit stress supported by the material under 
test. The Brinell ball being a sphere, the effect of deformation upon 
the properties of the metal is at least uniform around the entire 
azimuth in any horizontal section including deformed metal. But the 


“ase is different when we consider, instead, a vertical section includ- 
] rr 1a we . . - . 

ng the diameter of the impression. Neglecting, for the moment, the 
EXCESS) 


plastic flow which occurs near the surface of the test speci- 
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“piling up” effect, the cold work and strain hardening are most sever 
S S Tr 


in the immediate vicinity of the impression, diminishing as the dis. 


tance from the penetrator increases and finally dropping to zero 
The straining is not even uniform at any given distance from {| 
penetrator, usually being greatest at the surface of the test piece 

The final measurement of the.Brinell impression and calcula 
tion of Brinell hardness are based upon neither the hardness befor 
straining occurred nor that which represents the maximum strainin: 
effect, but rather upon some sort of vague and variable mean of thes: 


properties. When to this uncertainty is added the continuous varia- 
tion of effect with increasing penetration, due to continuously chang- 


ing mathematical relations between deforming metal and the pen 
trating spherical ball, it would appear that this test, justly favore: 
from the commercial or practical standpoint, is still far from being 
an ideal test, even if the desirable Meyer modification in expressio: 
were to be universally adopted—as we believe, with Hoyt (6 
should be done. 

The Vickers test is one which has gained much favor. Thi: 
apparently is due to four points of superiority to the Brinell test 
1. The mathematical relation of the surface of the pryamid i 
dentor to the axis of stress has been fixed by at least an approach t 
scientific correctness and it does not change with increasing depth | 
penetration, as is the case with a spherical indentor. 2. The metho 
is more flexible in application, due to selective variation of load ove’ 
a wide range. This makes the test applicable to materials of wide! 
varying hardness and to shallow cases, either harder or softer tha 
the mass beneath. 3. The surface of the material is not serious 
marred and a relatively small area is required for the test. 4. Th 
use of a diamond penetrator instead of the hardened steel of the usua 
srinell ball. (The last-mentioned point of superiority has been ren- 
dered less important by the introduction of harder balls, of cemente® 
carbides, but it is still to be considered. ) 

Possessing these points of superiority to the Brinell test, ! 
seems unfortunate that the selected design of the Vickers penetrato! 
should have been that of a pyramid, rather than of a cone. Plastic 
flow, with resulting strain hardening, is not uniform in any horizonté 
section about the pyramid, as it is about a spherical or conical pene 
trator. And, whether or not the theoretically derived solid ang! 
of 136 degrees employed for the Vickers pyramid is best, the Koc} 
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well cone does avoid one of the irregularities of plastic deformation, 
as above mentioned. It may be remarked also that the theoretical 
derivation of the Vickers angle rests upon a premise that is highly 
empirical and that the theory becomes less impressive when this is 
considered. 

Without undertaking any further discussion of other hardness 
testing methods we may return to the statement that all fail to deter- 
mine the hardness of undeformed metal, expressed in any terms. 
This is the fundamental reason for the impossibility of deriving any 
formula, based upon the mathematics of the tests, by means of which 
interconversion of the various hardness numbers may be accom- 
plished. All of the theoretically derived formulas must include cer- 
tain empirical corrections for variable strain hardening effects and all 
fail to cover hardness numbers obtained by testing metals and alloys 
of different character. All tests cause strain hardening and this is 
different in character and distribution as we pass from one testing 
machine to another. It varies also among the different metals and 
alloys, according to variation in what has been called “strain harden- 
ing capacity’ of the metal itself. Obviously, all of the many pro- 
posed conversion tables, obtained by experimental comparisons, are 
unsatisfactory for the same reasons. 

These observations should not be construed as minimizing ‘the 
importance or the usefulness of hardness tests as they are now con- 
ventionally made. The situation is not essentially different here from 
that obtaining in other fields of testing. One does not regard the 
absence of fundamentally scientific testing methods as a valid reason 
ior rejecting more empirical methods, which may still give informa- 
tion of great value to those who deal with engineering problems. If 
such methods will yield results which may be correlated with service 
lulfillments, a great deal is accomplished by making the tests. One 
would not, for example, reject the Charpy, the Izod or other stand- 
ardized impact tests, merely because of the difficulties involved in 
defining “impact strength” or in devising a scientific method for 
measuring it, 

The various conventional hardness tests, as they are today em- 
ployed and utilized, are of great value to the metallurgist and to the 
designing engineer and they will, no doubt, continue to be widely 


used, with such refinements as may be developed by continued re- 
search, 


| ‘his fact, however, does not deter us from seeking further 
light uy 


the ever-present query as to the initial capacity of the 
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metal for resisting deforming stresses, before it has been altered by 
strain hardening tests. Following the lead of Auerbach (7) this 
capacity will be designated as “absolute hardness,” which we should 
like to have defined as the maximum unit stress which a material wil! 
support without permanent indentation. 

The use of the limiting term “indentation” in this proposed def- 
nition is considered as important. While it is recognized that the 
quality of resistance to indentation is based upon the same properties 
of the metal as give it resistance also to deformation through the 
application of stresses applied in any other manner (at least by sloy 
loading), we do not at present see that anything is to be gained by 
introducing the many complicating factors that are involved ir 
scratch, abrasion, or wear tests. Much less do we see how impac' 
hardness tests can be included, since all of such tests include all of the 
uncertainties and irregularities of conventional static hardness tests, 
together with an almost total lack of understanding of why a metal 
behaves, in a shock test, so differently from its behavior under stati 
loading. 

Irrespective of modifications or refinements that may be made 1 
the various conventional hardness tests, as a result of further study, 
it would be best to call all of these “hardness numbers,” as distin- 
guished from “absolute hardness,” and this terminology will be {o- 
lowed in the present paper. As Hoyt (6) and many others have 
suggested, it would be preferable to abandon the present method oi 
calculating Brinell numbers in favor of Meyer’s modification, which 
is at least mathematically correct. As already mentioned, Meyer 
called attention to the fact that, in order that hardness numbers ma) 
express unit stress and that they may be mathematically free from 
variation incident to the changing depth of penetration of a spherica 


T ef 
indentor, the applied load should be divided by —— (the area ot th 


xD : 
projection of the impression) instead of by vomean fl D — /D?—©) 


the spherical area of the indentation, where D = diameter of the 
penetrating sphere and d — diameter of the circular projection 0! 
the impression. If this change should be adopted the new values 
would be reported as “Meyer hardness numbers,” and this term W" 


be used in the succeeding pages of this paper. 
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By the Meyer equation, H = , where P = load, in kilo- 


ad? 

crams, d = diameter of the projected impression, in millimeters, and 
Hew Meyer hardness number (unit stress, in kilograms per square 
millimeter). The Meyer hardness number is then an inverse function 
of the square of the diameter of the impression and the relationship 
of load and impression diameter is expressed by P = ad". Hoyt (6) 
called attention to the fact that if d, in this equation, is 1 mm., P = a. 
The constant a then indicates the resistance of the metal to initial 
penetration and the value of the exponent n is an indication of the 
effect due to strain hardening occurring during the progress of the 
test. Assuming the validity of the Meyer equation, Hoyt’s conclusion 
is mathematically correct. It is based upon the arbitrary assumption, 
however, that strain hardening begins only after the diameter of the 
impression passes 1 mm., a condition which naturally is not realized 
in practice. Considering the ball penetrator as a perfect sphere and 
the tested surface as a perfect plane, the initial area of contact ap- 
proaches zero and any finite pressure gives a value for unit stress 
approaching infinity. As penetration proceeds, yield (elastic, inelas- 
tic, or both) occurs and the unit stress, at constant loading, decreases. 
It is obvious that if the recovered impression has a diameter of 1 mm., 
or any other measurable quantity, strain hardening has resulted. 

Another error in this method for deriving values for a and n 
rests upon the selection of 1 square millimeter as the unit of cross 
section. If any larger or smaller unit were used, a and n would not 
only have different numerical values—they would also have different 
relative significance. 

The assumed significance of a and m in Meyer’s equation is 
therefore only an approximation, although useful in lack of anything 
better. In the entirely hypothetical case of a metal which would 
experience no strain hardening, n would have the value 2.0. This 
case is approximated by lead, which recrystallizes at ordinary tem- 
peratures after straining, or by other metals tested at temperatures 
within zones of recrystallization. The exponent n — 2 could then be 
taken as a measure of strain hardening capacity, since m is always 
seater than 2, On account of the variable character of straining 
resulting from a hardness test, already discussed at some length, an 
clement ol empiricism must always remain with this method of inter- 
pretation t the significance of . It must be realized also that the 
‘tran hardening effect in the zone affected by the penetration can 
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June 


never even approach the maximum strain hardening capacity of th, 
metal. 


THe Direct MEASUREMENT OF ABSOLUTE HARDNESS 


Although Meyer’s equation, P = ad", provides a certain amount 
of information concerning the relative parts played by original hard- 
ness and strain hardening additions, in a conventional hardness test 
the interpretation of the numerical values of a and n is still somewhat 
obscure and a method for the direct experimental determination of 


ds ¢ 


foul 


absolute hardness is desirable. hall 


Harris (8) performed such a determination. A conventiona 
Brinell hardness determination was first made. The specimen was 
then annealed in an atmosphere of hydrogen in order to remove th 
strain hardening effect. The Brinell ball was replaced in the firs 
impression and the load was again applied, the ball penetrating 
farther into the now unstrained metal and thus producing additiona 
strain hardening. This process of applying load, followed by anneal- 
ing, was repeated until there was no measurable additional penetra- tain 
tion and the final diameter of the impression was used in the calcula eith 
tion of absolute hardness. Ten annealings were required in order t 
reach the final maximum diameter of the impression. mini 

This method is necessarily tedious, as it appears that any exper! 
mental method for such a determination would be. But attentio! 
must be called to other objections. In the first place such a metho 
of repeated testing and annealing can only approach the ult’ 
mate volume of impression. Also it should be noticed, in this con- 
nection, that straining followed by annealing produces grain refin 
ment, this increasing the hardness of the refined zone. The fina 
measurement of the impression, therefore, is calculated to the abs 
lute hardness of a material which, at least in the vicinity of ¢ 
impression, is harder than the original untested material. This har¢ 
ness difference may not be large but it introduces an uncertainty, 
which is further complicated by possible grain size or structur 
changes in the unstrained body of metal. 

It may be further pointed out that Harris’ method for dete! 
mining absolute hardness by “strainless indentation” is inapplicab! 
to any alloy system which is not already in a condition of pha 
equilibrium at the beginning of the test. It could not be applied, 1 
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example, to an age-hardening alloy which has not been thoroughly 
annealed before testing, or to any heat treated steel. 

Loritsch (9) undertook to determine the effect of grain refine- 
ment occurring during the progress of the test by the method of 
Harris, using a variety of ferrous and nonferrous alloys. After each 
piece had been given its first Brinell test and annealed, he ground the 
tested surface just to the bottom of the Brinell impression. Vickers 
|-millimeter ball tests were then made at the center of the zone af- 
fected by the Brinell deformation and subsequent annealing, as well 
as on the body of the piece. Variable increases in hardness were 
found, amounting to as much as 10 per cent, based upon the original 
ball hardness numbers. 

Previous to the work of Harris, Thomas (10) had undertaken 
a somewhat similar investigation upon “mild steels,” but his anneal- 
ing processes apparently were performed in air, as he mentions the 
removal of scale after each annealing. Such a procedure necessarily 
involved surface decarburization, as well as grain size changes inci- 
dent to the method of Harris. His conclusions, therefore, would 
appear to be of questionable value. Both Thomas and Harris ob- 
tained values for absolute hardness which were very much lower than 
either Brinell or Meyer values. 

Franke (11) attempted to determine absolute hardness by deter- 
mining scleroscope or pendulum hardness at the bottom of a Brinell 
impression, calculating initial (absolute) hardness from the formula, 
H, H x P./P, in which H = Brinell number, H; = initial 
Brinell number, P, = pendulum or scleroscope hardness of the 
original material, and P = hardness at the bottom of the impression. 
The errors incident to this procedure are numerous. The determina- 
tion of P, involves strain hardening, as does any other conventional 
method for the determination of hardness. The value of P cannot 
be considered as indicating a mean effect and the final determination 
involves still further hardening. Franke’s results, therefore, while 
interesting, must be regarded as only qualitative in nature. 

Sauveur and Burns (12) worked upon lines somewhat similar 
(o those of Franke and similar comment is in order. 

Baker and Russell (13) showed that if a metal be increasingly 
cold-worked, n in Meyer’s equation approaches the numerical value 
ot 2. By a more or less qualitative extrapolation the conclusion was 
reached that, if a metal should be cold-worked to the ultimate possible 


degree before testing, Meyer’s equation would become P = ad? 


’ 
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indicating that the theoretical maximum hardness of the cold-worke; 
metal had been reached. Although this does roughly appear to cop. 
firm the correctness of the Meyer equation, it gives no indicatioy 
whatever as to the absolute hardness of the original unworked meta! 

McAdam (14) obtained similar results upon progressively cold. 
worked nickel. As the degree of cold working increased, n decreased 
reaching a value of 2.03 for the most highly worked metal. Thi 
would indicate a close approach to the ultimate strain hardening 
capacity of the nickel. 

All of these researches point toward the essential validity of th: 
Meyer equation, in which a is a factor whose value depends upon the 
absolute hardness and n — 2 is an index of work hardening capacit 
If the Meyer equation could be confirmed as a correct quantitative 
statement of the relations existing among the values represented by it, 
this equation would become a useful tool for deducing importan' 
properties of metals and alloys. That such deductions are approxi- 
mate only is a conclusion that should be obvious from the evidences 
of empiricism, as recounted in the preceding discussion. That they 
are, in many cases, far from being quantitatively correct should lx 
concluded from the results of the experimental work to be described 


Ex PERIMENTAL 


In order to avoid, in the determination of absolute hardness, all 
possible errors incident to grain size or other structural changes and 
to strain hardening effects in test specimens, the procedure of form 
ing impressions by removing—instead of by displacing—metal corte- 
sponding to the volume of the test depression was adopted. Th 
Brinell method of applying the test was used as an experiment 
medium but Meyer’s modification was used for all calculations 0! 
hardness numbers. (Brinell hardness numbers are given in Tabl 
II, for purposes of comparison. ) 

Two forms of tools were fabricated for use in these tests )) 


well-known manufacturers. Several two-fluted, centerless drills ot 
high speed steel, having a spherical cutting front with a radius 0! » 


millimeters, were made. A drill was fixed in the tail stock of ¢ 
lathe, the test specimen being rotated in a four-jaw chuck placed in 
the head stock, and spherical depressions of the form of the Brine! 
impression were made in the test specimen by this means 


Grinding tools having the same form and radius as ‘he dt!’ 
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were made from alundum of two different grits. It was the original 
intention to use these grinding tools for forming depressions in ma- 
terials too hard to be drilled but this was found to be impracticable, 
chiefly because of the impossibility of producing a grinding effect 
at the axis of the tool, by simple rotation. The grinding tools were 
finally used only for finishing the formation of a depression of cor- 
rect dimensions, by hand manipulation. Certain changes in the 
design and manipulation of these tools are contemplated and it is 
expected that determinations of absolute hardness of heat treated 
steels and of other hard materials will later be made possible. 

The usual simple Brinell measuring microscope was not used 
for measuring the diameters of any of the depressions. This form of 
measuring device is subject to so many errors, of parallax and 
approximations of readings, that it is considered as inapplicable to 
experiments of any considerable degree of precision. Instead, a 
measuring microscope, bearing cross hairs and having an outside 
scale, was employed. ‘This microscope is moved horizontally by a 
screw of fine pitch, an outside micrometer scale making readings to 
0.001 millimeter easily possible. The reading precision was thus 
considerably greater than was justified by the precision possible in 
the test itself. 

In the performance of a determination of absolute hardness the 
procedure was as follows: The test piece was first prepared from a 
bar of rectangular cross section, of ample dimensions to eliminate any 
possible errors due to small section. Surface grinding was employed 
to bring this specimen to a smoothness which would make possible 
sharp observations of the boundaries of the circular projections of 
Impressions. 

An orthodox Brinell test was then applied and, after measuring 
the diameter of the impression, both Brinell and Meyer hardness 
numbers were recorded. The test specimen was placed in the lathe 
chuck and a series of depressions, of various depths and diameters, 
vere drilled in the prepared surface. After some experience with a 
sven material it was found not difficult to include the probable re- 
quired depression dimensions for the absolute hardness test within 
‘ comparatively narrow range of experimental dimensions. The 
Brinell ball was then carefully centered in each of the drilled depres- 


SI, Cc ] ae . . . . 
‘ons and the load used in the Brinell test was again applied. 


In the usual course of events, some of these depressions were 
enlarged | is . ' 
larged by the reapplication of load while others were not. These 
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observations served as a guide to the forming of other drilled depres. 
sions, covering a still narrower range of diameters. The grinding 
tools were used, at the last, for forming to the highest possible degre 
of precision. These tools were employed with hand operation, as was 
stated above, a combination of twirling with gyratory motion being 
used. 

When a depression had finally been produced, the dimensions o0/ 
which were just sufficient to support the Brinell load without further 
deformation, the measured diameter was converted into absolut 
4p 


hardness by use of the modified Meyer formula, A = 


rd 





Possible errors which might be supposed to affect the accura 
of this experimental method for the direct determination of absolut 
hardness rest chiefly in the matter of precision in the form of tool; 
for forming the depressions and in the formation of a layer of cold 
worked metal over the surface of the depression. As to the first, n 
doubt it will be possible to have somewhat better tools constructed 
for future determinations, as the importance of further refinemen' 
may develop. But, so far as could be determined by a trial seating 

















of the Brinell ball in a formed depression, the precision as to form 
and radius was satisfactory for the present purpose. 

The depth of any surface layers of cold-worked metal forme: 
by mechanical actions involved in drilling and grinding was no! 
believed to be sufficient to affect the results appreciably, especial) 
since all forming operations were carried out slowly with shar 
drills and clean grinding surfaces. 

srinell impressions for Meyer hardness numbers were dete! 
mined at two or more loads on each specimen to determine the mos' 
suitable load for an impression whose diameter would be within th 
limits of 2.5 and 5.0 mm. according to standard practice, and | 
obtain two or more equations of the form P, — ad", and P, = a¢ 
which, in logarithmic form, could be solved for values of a and! 
Comparison of these derived values with similar values obtaine 
from the direct determination will be found in Table ITI. 





EXPERIMENTAL MATERIALS 






The various metals and alloys, with heat treatments, are liste 
——- _ . ba ndnoint 
in Table I. These materials were selected partly from the standpe! 
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of availability and, in the case of age-hardenable alloys, partly in 
order to gain some light, if possible, upon the question as to whether 
straining of such alloys causes precipitation hardening, when tested 
in the quenched condition. 


Table | 
Nature and Treatment of Alloys Used for Hardness Tests 
Spec. No Description and Treatment 
seryllium-copper alloy, Be about 2 per cent 


(a) Annealed at 800 degrees Cent. (1470 degrees Fahr.), furnace cooled 

(b) Quenched in water from 800 degrees Cent. (1470 degrees Fahr.) 

(c) Same as (b), then aged at room temperature for 720 hours 

(d) Same as (6b), then aged at 275 degrees Cent. (530 degrees Fahr.) for 
18 hours 


(e) Same as (b), then aged at 275 degrees Cent. for 5% hours 
lool steel, C 1.0 per cent, annealed at 900 degrees Cent. (1650 degrees 
Fahr.) 


Extruded Dowmetal F bars, as received 
Extruded Dowmetal J bars, as received 
Magnesium metal bars 
Beta brass, as received 
Copper 
(a) Cold worked, then heated at 800 degrees Cent. (1470 degrees Fahr.) 
for 24 hours 
(b) Hot worked 
Armco ingot iron 
(a) Hot worked, then heated at.950 degrees Cent. (1740 degrees Fahr.) 
for 168 hours 
(b) Drastically hot worked from 950 degrees Cent 
} Alcoa aluminum alloy 17s 
(a) Annealed at 510 degrees Cent. (950 degrees Fahr.), quenched in water 
(b) Same as (a), then aged at 155 degrees Cent. (310 degrees Fahr.) for 
18 hours 
(c) Same as (a), then aged at room temperature for 720 hours 
Alcoa aluminum alloy 51s 
(a) Annealed at 505 degrees Cent. (940 degrees Fahr.), quenched in water 
(b) Same as (a), then aged at 155 degrees Cent. (310 degrees Fahr.) for 
18 hours 
(c) Same as (a), then aged at room temperature for 720 hours 


In the interest of brevity, the results obtained by the use of two 
or more Brinell loads are not reported in Table II. Only the one load 
which was found, in each case, to give an impression of size suitable 
tor the calculation of the Meyer hardness number is included, the 
others being used only for the calculations of Meyer’s a and n. 

In all cases the numerical expression for absolute hardness was 
found to be much lower than for the Meyer hardness, as might be 

M 


xpected. ‘The ratio ——- was greater than 2.0 in most cases and 


Neari« ) eke . . . 

nearly 2.0 in the few exceptions—Armco iron and one aged aluminum 

alloy, This 7 
The 


SON OF 


s is, of course, in harmony with existing conceptions. 
‘reatest interest, in this connection, attaches to the compari- 
nd » values as indices of original hardness and of work 
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Table Il 
Experimental Data and Calculated Hardness Values 


. Brinell Absolute Meyer 
Spec. Load, Diam., Diam., Brinell Meyer Absolute hardness num! 


No. kilograms mm. mm. number number hardness absolute hardnes 


la 2000 6.14 143.1 149.8 67.5 aaa 
6.07 144.7 oY. , 
6.06 148.0 69.3 
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hardening capacity, respectively, first as determined from Brinell 
impressions under two or more loads, and second as calculated from 


direct determinations of absolute hardness. These comparisons are 
given in Table ITT. 


Table Ill 
Comparison of a and n Values of Meyer’s Equation, 
P = ad, as Obtained by Different Methods 





From Meyer Numbers From Absolute Hardness 
at Different Loads Determinations 
Spec. No. a n a n 
la 80.8 2.27 53.9 2.57 
lb 57.5 2.32 44.8 2.52 
le 57.9 2.39 43.0 2.54 
ld 156.5 2.24 117.8 2.64 
le 166.0 2.22 123.2 2.68 
2 69.2 2.43 59.5 2.74 
3 21.6 2.49 15.8 2.74 
4 16.5 2.66 19.1 2.56 
5 26.2 2.29 17.3 2.53 
6 58.0 2.34 47.0 2.47 
7a 14.0 2.66 12.5 2.73 
7b 15.8 2.61 14.4 2.68 
Sa 43.0 2.35 36.1 2.40 
8b §2.5 2.18 36.2 2.46 
9a 43.2 2.42 34.0 2.47 
Ib 52.9 2.22 40.6 2.81 
9c 50.9 2.28 37.2 2.86 
10a 17.5 2.42 14.7 2.55 
10b 54.4 2.20 37.0 2.67 
10 33.3 2.27 21.8 2.68 


The values listed in the last two columns of this table have been calculated from 
iverages shown in Table Il, for each specimen, and not from individual experiments. 


For the derivation of a@ and m values by the first method, the 
hardness determination is carried out with two different loadings, P, 
and P,, giving impression diameters d, and d,. Since P, — ad", and 


2 oe 
P, = ad",, then P,d",, = P,d",, and n = nog ©, — log Ps 


u 


. The 

log d, — log d, 
substitution of experimental values for pressures and diameters en- 
ables one to calculate n. This value may then be substituted in the 
equation P = ad" and the value for a calculated. 


lhe calculation of a@ and n from direct determinations of abso- 





lute hardness is even more simple. If M — Meyer hardness num- 
1 j ‘ 4Py 4P 
ber and 4 = absolute hardness, M = ——! and A = = 
: 2 Pres- 
rd M x -~' . 
sures and diameters may have different values in these expressions 
but it is 


venient to consider the diameters of the Meyer and abso- 


lute impressions the same, so that dy — d,s —d. Substituting the 
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appropriate values for P: For the Meyer hardness number, Py - 
4ad""* are | 
ad" and M = . For absolute hardness, P, — ad? and A =~ alloy 
. woul 
4ad* 4a , p 
: For the ratio of Meyer hardness to absolute hard- 


rl 7 
num! 


M , 7 ‘ . ° ‘ repre 
ness, = d"*. (In this equation d is the diameter of the Meyer 
A : fF mean 


impression. ) hard 


o- ; M rer : ; F Brine 
lhe equation — F d"* may be written logarithmically as log 


M log M/A size 
= (n— 2) log d=nlogd—2logd. From this, n = — ah 
A log d witht 
| 2. If experimentally determined values for M, A and d are su! B »pec 
stituted in this equation the solution for m becomes a simple one. p slight 
The value for the Meyer a is obtained from the equation A B Speci 
4a . ‘ aA es . : p the 
From this, a = ——. Since A has been determined direct) upon 
e 


a is easily calculated. 


These calculated values for a and n appear in the last two « s dural 


umns of Table III. ; dispe 
quenc 


. . quenc 
SUMMARY AND CONCLUSIONS J 
same 


The s 


1. An experimental method has been devised for the direc el 
< Uys 


determination of absolute hardness. This method is based upon th real 
removal of metal instead of upon its displacement, and strain ha this + 
ening effects are thus entirely avoided. " 

2. From the results of such a direct determination the calcu a a 
tion of values for a and n of Meyer’s equation may be made withou! ordial 


resorting to the use of Brinell determinations under different loa ble 


ings. irons 


c : ° ° list 
3. In all of the experimental determinations upon alloys lst much 


in this paper the a value was found to be lower, and the » valli mel 


higher, than as calculated from two Brinell tests. Irregularities place. 
strain hardening effects as the load is increased are constdered to : 
responsible for much of this difference. For this reason the dire coppe 
determination is thought to possess greater dependability. from beta « 


. . rT . . Aed that 
inspection of the data of Tables II and III it will be concluded could 
the interdependent values of absolute hardness and the constail the ¢ 
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are lower than they have usually been considered to be, for all of the 
alloys involved in this investigation. It seems probable that this 
would be true also for most other alloys. 

4. Even as derived from determinations of Meyer hardness 
numbers and of absolute hardness, » of Meyer’s equation cannot 
represent the ultimate strain hardening capacity of a metal. The only 
meaning that may safely be assigned to it is that of an index of strain 
hardening taking place during the application of the conventional 
Brinell test. 

5. So far as would be indicated by the few cases involving grain 
size differences, as reported in this paper, variation of grain size 
within ordinary limits has little effect upon work hardenability. 
Specimens of copper of coarse and fine grain (7a and 7b) show a 
slight advantage in » for coarse grains. On the other hand, similar 
specimens of Armco iron (8a and 8b) indicate the opposite effect. 
The difference is not large, in either case, but the results obtained 
upon these four specimens are not regarded as conclusive. 

6. The tests upon age-hardenable alloys of beryllium-copper or 
duralumin types give little ground for supposing that hardening by 
dispersion precipitation occurs to any important degree, when 
quenched solid solutions are strained. The value of n for the 
quenched beryllium-copper alloy (1b) is not higher than for the 
same alloy in other conditions, either annealed or quenched and aged. 
The same observation may be made in the case of aluminum-copper 
alloys. In fact, so far as any difference appearing in the tabulated 
results would indicate, the quenched alloys show a slight inferiority in 
this respect. 

These cases are not at all analogous to that of retained austenite 
in steels, converted into martensite by straining. In austenite at 
ordinary temperatures, iron is in the gamma state and highly metasta- 
ble. It might be expected that the phase change of gamma to alpha 
iron would be promoted by straining and that the alloy would become 
much harder on account of the formation of extremely fine-grained 


martensite, even if no precipitation of cementite at all should take 
place, 
Straining of the metastable (supersaturated) alpha beryllium- 
“opper solution might cause a tendency toward precipitation of the 
beta solution. But it is not easy to see how migration of beryllium 
could take place at ordinary temperatures to the extent necessary for 


th » Bata * 8 . . ° . 
f¢ formation of beta crystals of critical dimensions. A _ similar 
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observation should apply to the quenched aluminum-copper solij 
solution, and possible precipitation of the compound Al,Cu. 

7. Certain plans have been made for application of the direc 
method to the determination of absolute hardness of very hard alloys 
If these are perfected it may be possible to obtain further light upor 
the properties of metastable systems and of heat treated steels. 

8. It is hoped that a method and a form of apparatus may ly 
devised for accomplishing more rapid determinations of absolute 
hardness. No prediction is made as to whether such determinations 
may become practical testing methods. In any event they should } 
useful for investigations in the field of fundamental properties oj 
metals and alloys. 
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DISCUSSION 


Written Discussion: By J. J. Kanter, research metallurgis:, (rane | 
Chicago. 
The measurements of the resistance of unworked metal to bal! indetl* 


. . . . . . liche 
tion which the authors have so ingeniously and painstakingly accompli" 


are a welcome contribution to our information on indentation resistance 
value of their investigations in revealing the fraction of the indentation 
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er solid sistance attributable to plastic straining for the various materials furnishes a 
most interesting index to their “work hardenability. 


\ better choice of term than “absolute hardness” for these special meas- 


le direct urements might be advisable. The term “unworked indentation resistance” 


“l alloys would be more suggestive of the actual process involved in the measurement 
ht upon and avoids the controversy over a definition of hardness. Resistance to indenta- 
els S tion under the actual conditions of plastic straining which usually accompany 


may | the process of indentation is but one of the concepts of hardness that has been 
» May pe 7 ; ‘ ‘ a : : 
ve found useful. Unworked indentation resistance constitutes a rather special 


absolut case of hardness not to be confused with the workaday understanding of hard- 
ninations ness: nevertheless, it is an attribute of metals whose value is of importance to 
should be a broad understanding of hardness. 
erties of The authors make the tacit assumption that the value which they term 
“absolute hardness” is independent of the diameter of indentation. It would 
be most illuminating, however, to see their measurements extended over ranges 
f indentation diameters and for different diameters of ball. Such measure- 
ments would serve to substantiate definitely the expression in the second line 
; on page 352 that Px aad’, 
Ist editio ’ — a 
Granting that P, aad’ is a correct relationship pertaining to “absolute 
f hardness hardness,” the mathematical development which the authors give on page 352 
2, 208, 237 does not seem consistent with the known facts about the Meyer equation, 
(Series not Py aud". In this equation the magnitude of the constant ax is dependent 


tition, 1924 upon the particular diameter of the ball used, as well as the properties of the 
metal. 

ol. 6, 19! In O'Neill’s book, referred to by the authors, is given on page 50 a dis- 

cussion of the effect of ball diameter showing that the Meyer am decreases 

as the ball diameter increases. From the data there given it may be shown 


ing, Vol 
that aw is dependent upon the Meyer n as well as the ball diameter, D 
le 6] 
- ado 
4/. ‘ 
2 am ———— 
1936. x D" ° 
1916, p. - 
Where a IS a constant having the same dimensions as the Meyer hardness 
5, p. 0. 4 
fe, Vol number, differing from it by the factor —, 
in aa‘ Us 
pe] [reat 5 
4 4 
M — dao —_— au LD" 
is Cs 
| ; . ; . : 
In the case of the equation for unworked metal, the constant a, is pre- 
sumed to be an intrinsic value for the material, independent of size or shape 
the indens; . ° . ‘ 
me indenting tool. Studies which H. J. Sprengel and the writer have 
mM » ) nels ate an C E . . * ° ° s 
de on indentations “stress relieved” in vacuo indicate the same approximate 
Crane | or lor “absolute hardness” whether a ball or Vickers pyramid be the in- 
dent Y Ts 41 . e = " : " - s ° . ¢ . °- 
~ iter, it then follows that aa and as are intrinsically and numerically dif- 
° she lere nl; ; . mi ~ . i 
ball indent ent va and it is difficult to understand the basis upon which the authors 
liche 
aC yMIpils 
l I r adopt tt y M M am 
stam pile i ition on page 352, line 6, where — d"~, instead of — — d™”’. 


lentation A A aa 
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Aside from the fact that no numerical coincidence is to be expected between 
aa and am, it should be recognized that these two constants are measures oj 
intrinsically different effects. Constant aa is clearly a parameter of what the 
authors term “absolute hardness,” whereas am is a parameter of the sum of 
the absolute hardness and the resistance incident to strain hardening. It 
quite apparent then that, since two independent parameters are involved, thre 
constants are needed to express the Meyer number in terms of diameter o 
indentation and that a single determination of each M and A will not suffice 
to fix the value of n, which is quite clearly shown by an examination of th; 
values in the right-hand column of the authors’ Table III. 

The authors might not have fallen into the error under discussion if ; 
more rational equation than the one proposed by Meyer were in vogue for 
expressing the relationship between the loads and the dimensions of ball in- 
dentations. The Meyer equation is purely empirical and its constants have n 
definite dimensional significance. Physical significances usually ascribed to its 
constants are rather nebulous. It is thoroughly feasible, however, to writ 
another equation, in terms of measurements such as the authors make, 
which the constants have the same dimensional significance as the physical 
quantities measured. 

The difference between M and A defines the resistance directly attribv- 
table to the strain hardening, S. 

S M A 








Since we have granted that A depends only upon a constant ratio betwee 
load and diameter it remains to define a function for S in terms of diameter 
It has been demonstrated that strain hardening can be expressed in terms 
either diameter of indentation or applied load. We may therefore write tha! 
M A + f:(d) 
or, M A + f:(P) 


In the Meyer equation no discrimination is made between the absolute ha: 





ness constant and that arising from the strain hardening component ol 
resistance. For this reason, the dimensional significance of the constant : 
has been somewhat obscure. 


As good an approximation to the data as found using the Meyer equ 
is obtained using either of the following types of expression: 


M =A + Sua log (-| ) 
Cle 


or, M A + Sp log (+ ) 


where Sa and Sp are strain hardening constants having the same dimensions 
as hardness numbers M and A. There is considerable theoretical justificat 
for assuming that strain hardening is a logarithmic function of increasing o 
dentation. If we consider the strain hardening capacity of the metal to ™ 


limited, it is natural to expect that as indentation proceeds it will tace 4 '* 
of diminishing returns as far as its effectiveness in producing rease 

. . Tp ° ° ° ° . h a Cil- 
hardening is concerned. The logarithmic function expresses just na 


act diam: 


cumstance. The constants do. and P. may be considered as the co! 
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eter and its load at which there commences sufficient plastic deformation to 
produce strain hardening. It then follows that: 


(z)’- Gy 
do P. 


Solving for P it follows that: 





P=d Sp/Sp xd Sp/Sr 


which is seen to be the same form as the Meyer equation. The ratio Sp/Sp is 





Po 
then equal to n and the Meyer am is identical with do ' Since, then, by 
definition : 
P P 
am , and the assumption be made that aa = — 
do" é- 
it furthermore follows that: 
am 
ae a," = 
aa 


— 
or, de a 
am 


and thus definite dimensions are assigned.to the Meyer constants. The Meyer 
equation is thus another form of expressing the diminishing strain hardening 
capacity above P. and do in the same sense as that for the logarithmic equa- 
tions. 

lf the measurements from two Brinell impressions at different loads are 
available, the values of the strain hardening constants may be calculated as 
IOLOWS : 





M;:— M, 
Sp = ——_———_ 
log ds — log d: 
M;:— M:; 
Sp 


log P:— log P; 


Sv log P:— log P; 


| 


Sp log ds — log d: 


Making use of the assumption that the absolute hardness may be repre- 
sented in te 


ms of P. and do, we may write that: 


de n-2 i d 
M — aT Sp log “de 

P.. \s— p 
M ]— (=~) | Sp log P. 





since S , and n may be computed, values for d. and P. which satisfy these 
“uations may be found. This is accomplished most conveniently by graphical 
‘olution n semilogarithmic plots of d and P as functions of M. This solu- 
on thus yields a theoretical derivation of “absolute hardness” from the data 
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June 


upon the metal under strain hardening conditions of test. The accompanying 


chart illustrates the method as applied to annealed copper. The theoretical} 


computed value of absolute hardness for the copper is in good agreement with 
the experimental value as determined by either the “removal” method of Messrs 
Mahin and Foss or by the stress-relieving technique employed by Mr. Sprenge! 


10 

H =A+Solog(Wp/ 

H=A+§,LogiLAg) 
N= 32-259 


Meyer Hardness - 5p, 


Experimental Value of A* 
ig 3S kO/MM? 
IS9 kg/mm? 


60 





ems Jo Sb 
Equation: A Tae 
LogA=Logl,-2109 %-Log 2 





Diameter (mm) Lod (kg) 
11/4=.785-~>\ log Wa 


Q/ 10 10 100 


Theoretical Absolute Hardness Determination for Copper (Annealed) 


and the writer. It would be most interesting if the authors made available mor 
of their Brinell indentation measurements so that the theoretical values of abs 
lute hardness could be computed for comparison with the experimental dete! 
minations. 
Written Discussion: By R. H. Heyer, junior metallurgist, and R 
Kenyon, research metallurgist, American Rolling Mill Co., Middletown, Oh’ 
The constant flow of papers on hardness testing for the past two or thi 
decades is ample evidence of the importance of this subject. The particule 
phase of the subject discussed by the authors of this paper is at once perhaps 
the most interesting and the most difficult to solve of the various problem 
having to do with hardness testing. 
The hardness test, like a number of other widely used tests, 
empirical and measures some combination of properties of the mate! 4 
tested. These empirical tests are intended to furnish a relative measure © the —— 
behavior of material in a manner which can be correlated with thet: 
ance in practical operations. They were never designed to measu “abs ness’ 
lute” properties and practically all efforts to eliminate the complicating V@ unde; 
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ables and reduce them to such fundamentals have proved fruitless. When such 
properties are to be measured, it seems to be much better to design special 
tests than to try to adapt old ones. 

‘he authors have pointed to the greater significance of the “yield strength” 
of materials than their. “breaking strength,” “tensile strength,” or “ultimate 
strength.” This is generally conceded as far as yield strength in tension is 
concerned and this property is now. widely used in engineering design. The 
authors’ definition of “absolute hardness” really corresponds to yield strength in 
compression. Its determination could be made much more accurately in the 
standard compression tests than under a spherical ball as in an indentation 
hardness test. 

The authors make no claims for their method as suitable for production 
testing and state that its chief application lies in a study of the fundamental 
properties of metals and alloys. The paper will now be considered from this 
standpoint. 

Although the authors have used a very ingenious method to separate the 
effect of work hardening from the hardness test, they have not confined their 
analysis to measurement of the “absolute hardness,” which is their stated prob- 
lem, but have gone on in an attempt to measure the capacity for work harden- 
ing without permitting any work hardening to take place. It is admitted that 
the yield strength should be determined as the maximum stress which produces 
no plastic deformation (theoretically, at least) but it seems paradoxical to try 
to measure work hardening rate without having any work hardening to ob- 
serve, 

According to page 348, the “absolute hardness” is computed from the 
diameter of the depression which supported the loaded ball without deforma- 
tion, Presumably the constants a and n also should be calculated from these 
readings—using at least two and preferably several different loads, the same 
as in the Meyer analysis of the regular Brinell test. 

The authors, however, have used another method of calculation on pages 
Sl and 352, the basis of which seems unjustified. On page 352, it is stated that 
“For absolute hardness P, ad’.” This is apparently based on the assumption 
that since no deformation has been permitted under the conditions of test there 
has been no work hardening and that nm is therefore equal to 2.0. However, 
the problem is to determine n and it is therefore begging the question to as- 
sume any particular value for it beforehand. 

This same assumption has also led to what seems to be an error in com- 
puting the values of a from the absolute hardness determination, for on page 





4a 
189 sas ra . . 7 rT 
JI it Is stated that A — which is only true if m 2.0. However, Table IIT 
T 
4ad"* 
shows that m is definitely not equal to 2.0. In reality A —, but it is 
T 
“asier to compute @ by substituting in Meyer’s equation P ad”, 
lo carry out properly the computation of » and a for the “absolute hard- 
less test conditions it is necessary to have the data for size of impression 
under t or 


r more loadings the same as for the Meyer analysis of the regular 








Brinell test. 
Il for more than one load. 
Using the average of the four impressions under 500 kilograms as on 





substitution in the formulae, 
log Yo log P; 


The values of 2.47 and a 


seem to be incorrectly computed. 


the impress mn. 


in the same formulae as before gives n 


results presented in this table. 


and rate of work hardening. 


grained specimens of the same material. 


defined as “the maximum unit 


permanent indentation.” The use of a number of different loads in carry 


Authors’ Reply 
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There is only one material for which results are given in Tab\ 
This is material 9a. 


loading condition and the single impression under 1000 kilograms as the other. 


P 


da 


-~anda 


34.0 for material 9a in 
In view of what has been said about yield 
strength, it is interesting to note that the value of a 
42,000 pounds per square inch average unit stress based on the projected area | 
This is considerably above the nominal yield strength for mat 
rial of this composition and treatment. This confirms the well known fact that 
the stress distribution under the ball is not sufficiently simple to permit th 
use of the projected area for direct calculation of stress. 

The discovery of these discrepancies in the calculation of a@ and n fron 
the absolute hardness test led to an inspection of the corresponding values con 
puted from the Meyer numbers obtained from regular Brinell impressions. He 
again the only case in which sufficient data were given was for material ‘ 
Using the average of the four impressions under 500 kilograms as one conditio: 
and the single impression under 1000 kilograms as the other, and substitutin: 


1.93 and a 


not agree with the values of 2.42 and 43.2 given in Table III for these constant: 
and raises a question as to the method followed by the authors in obtaining t! 


conclusions drawn by 
omitted in view of the apparent need for recomputing 
experience raises some question as to the validity or at least the general app! 
cation of the statements regarding the lack of relationship between grain siz 
Observations in many operations involving plast 
deformation indicate that fine-grained materials cold work faster than coarse! 


Conclusion 


seems to be entirely unfounded as has been shown. 

In spite of the criticisms that have been made, it is believed that 
method offers the best approach yet offered to the “absolute hardness” 
stress which a material 


out the Meyer analysis is recommended and it is hoped that the authors W! 
extend their investigations to include cold-worked as well as annealed ma 






Mr. Kanter suggests that the term “absolute hardness” is not 
that could be devised to indicate the property discussed in this pap 
proposes “unworked indentation resistance” as more appropriate. 
entertain no prejudice in this connection, remarking simply that th: 
term has been in use for a long time and that it seems doubtful w! 


Table III would 


is equivalent 


These results 
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longer expression will come into general use, even though it is undoubtedly 
more definitely expressive. 

Mr. Kanter also raises the theoretical objection that our equation ex- 
pressing the ratio of Meyer hardness number to absolute hardness is based 
upon the incorrect assumption that while the Meyer a is independent of ball 
diameter for absolute hardness it varies with ball diameter for Meyer hard- 

M M am 
ness, so that the equation — d"* should be — — d"*. This criticism 
A A aa 
appears to be valid and when we have accumulated sufficient data for the de- 
termination of aw for various ball diameters we should be able to recalculate 
our results upon the new basis. Since the 10-millimeter ball was used in all 
determinations reported fer this investigation the values for Table III will, 
presumably, be changed somewhat. 

The new formulas proposed by Mr. Kanter for calculating strain harden- 
ing constants is interesting and it appears to be based upon logical assumptions 
and derivations. The authors will gladly supply their own experimental data 
for use in checking these formulas. (See the reply to the discussion by 
Heyer and Kenyon. ) 

The discussion offered by Messrs. Heyer and Kenyon contains a number 
of points upon which the authors of this paper must disagree. Heyer and 
Kenyon observe that “the authors’ definition of absolute hardness really cor- 
responds to yield strength in compression. Its determination could be made 
much more accurately in the standard compression tests than under a spherical 
ball as in indentation tests.” It is difficult to understand how such a state- 
ment as is quoted above could be made by anyone who is at all familiar with 
physical testing methods and with their interpretation. Absolute hardness 
does not correspond with yield strength in compression, any more than con- 
ventional hardness (involving strain hardening) corresponds with ultimate 
strength. The authors mentioned these values in the paper but only to illus- 
trate, in a qualitative way, their relative usefulness to the designing engineer. 
It seems useless to elaborate upon the fundamental difference between yield 
strength, as measured in compression tests, and absolute hardness. It may be 


| 


pomted out, merely, that in compression tests standard pieces, unsupported at 
the sicle ., ’ 


are tested while in any hardness test the entire supporting mass of 
metal comes into play. This, it would have seemed, is common knowledge 
among those who perform physical tests of metals or other materials. 

Messrs. Heyer and Kenyon state also that “it is paradoxical to try to 
measure work hardening rate without having any work hardening to observe.” 
The authors have made no such “paradoxical” attempt. All deductions con- 
cerning work hardening characteristics have been made by comparing deter- 
minations of Meyer hardness numbers and absolute hardness. The statement 
ot Heyer and Kenyon that “presumably the constants a and » also should be 
calculated from these” (absolute hardness?) “r -adings—using at least two and 
Prelerably several different loads” appears equally pointless. Obviously the 


log P, = log P; 
equatior 





is not applicable to direct absolute hardness de- 
log di — log ds 
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terminations, in which determinations no strain hardening takes place and in 
which n therefore represents a quality which does not come into play. 

The discovery of an apparent error in the calculation of @ and » from 
Brinell impressions made under different loads constitutes legitimate eround 
for criticism and it calls for an explanation. The Meyer hardness resy\ts 
obtained by various loadings were not reported in the paper, in the interest 0) 
space saving. However it should have been explained that we did not actual 
substitute values of log P: and log P: in the equation shown above. following 
instead the usual procedure of plotting P and d values on log-log paper and 
using the slope of the line as the value for n. Although this is commonh 
accepted procedure, mention should have been made of it in the paper Sine 
certain experimental errors enter all such determinations, not all of the ck 
termined points will fall exactly upon the indicated graph. But, even at this 
date, the authors do not know why they happened to throw the one determina- 
tion (for specimen 9a) into Table II and it is especially unfortunate that this 
one determination, reported for the 1000-kilogram load, fell away from th 


straight line. The criticism offered by Heyer and Kenyon is therefore a; 







used would have answered the criticism. 

These experimental values and the accompanying log-log graphs prob- 
ably should have been included in the original paper. As they were not, it is 
hoped that they may logically be included in some future report in connectio1 
with the continuation of this investigation. 

Messrs. Heyer and Kenyon remark also that the conclusion regarding the 
effect of grain size upon strain hardening seems to be unfounded. If they had 
carefully read the authors’ conclusion in the preprinted paper they would hav 
noted that the authors specifically stated that they do not regard the two exper! 
ments involving grain-size differences as conclusive. They merely pointed out 
that the two experiments did not, in themselves, provide any ground for ex- 
pecting differences in strain hardening as a result of grain-size differences 

In conclusion, the authors desire to state that this investigation is to | 
continued and that a very important gain in the rapidity of making tests ts to & 
expected from the use of a hydraulic testing machine, recently installed in the 
Notre Dame laboratories. Up to this time it has been necessary to proceed, 
in direct determinations of absolute hardness, from the standpoint of a con- 
stant load, forming depressions of the exact diameter required to support thts 
load without involving further inelastic deformation, In the future the exper 
mental method will involve the converse of this procedure. Depressions w! 
formed, within any suitable range of diameters, the optimum load then being 
experimentally determined. Following this procedure it should be possible t 
obtain experimental data much more rapidly and with less tedious manipulatio! 
It is expected also that we shall be able to extend direct determinations ©! 


absolute hardness to harder alloys. This will be possible only when suv’ ible 
tools for cutting depressions are available. Through the interest expres and 
the courtesy extended by Mr. C. B. Sadtler, metallurgist for Barber-' |mat 
Company, special forming tools and penetrators tipped with cemented t oes 


carbide are being fabricated. When these tools and penetrators becom: 
able, interesting and, it is hoped, profitable lines of investigations will b 
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RELATION BETWEEN THE ROCKWELL “C” AND 
DIAMOND PYRAMID HARDNESS SCALES 





T. H. Gray 


By Howarp SCOTT AND 





Abstract 
































Because of inconsistent published data on the relation 
of Rockwell “‘C” to diamond pyramid hardness and the 
need for an accurate conversion table, a careful study of 
this relation was made, Eliminating various sources of 
error, consistent data were obtained on hardened steels 
which showed that the relation is independent of steel 
composition. A conversion table based on these observa- 
tions is given. 

Investigating the theoretical relation of Rockwell “C” 
to diamond pyramid hardness developed by Petrenko, it 
was found that the major factor preventing concurrence 
of the calculated and observed data 1s elastic recovery or 
spring-back of the metal under the impression. The 
amount of this recovery was found to vary with hardness 
from 0.0005 to 0.0008 inch, being a maximum at 45 RC. 
It amounts to 15-20 per cent of the impression depth and 
is, therefore, an important variable in the Rockwell test. 


INTRODUCTION 


7 HI* metallurgical fraternity is quite familiar with the confusion, 
troubles and irritation arising from the general use of two tem- 
perature scales. Nevertheless, it tolerates no less than 5 hardness 
scales despite the fact that hardness is the subject of as much or 
more concern than temperature. The question therefore arises: Is 
this condition necessary? If not, how can it be corrected? Seeking 
an answer to the first question, the work reported here was under- 
taken. If it is not a necessary consequence of the nature of hardness 
or of hardness testing instruments, the technical answer to the second 
(uestion 1s quite obvious. 

The obvious means for eliminating all but one hardness scale 
is to convert each hardness observation on another scale to the 
equivalent value on a reference scale. Certain instrument makers 
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have conceded the desirability of so doing by marking their instry- 
ment with a reference scale as well as their own arbitrary scale. 
There is a large number of conversion tables in current use which 
suggest that this is an entirely legitimate thing to do. Examining 
tables from different sources, however, one finds discrepancies so 
large that the possibility of accurate conversion seems quite doubtful, 
If these discrepancies are due simply to experimental errors or neg- 
lect of some essential precaution, they can be easily rectified. If, 
however, they are due to differences in materials brought out by 
different actions in the several instruments compared, the problem 
becomes rather complicated and an answer is hedged by objectionabk 
restrictions. Nevertheless, the possibility of a favorable answer 
seemed good, so work was undertaken on one phase of the problen 
at the specific request of our Inspection Department. 

The basis for the experimental work described here is brought 
out in a brief discussion of the three principal hardness testing 
machines, namely, the Brinell, Rockwell and Vickers. These are al 
dead load hardness tests to which consideration is restricted. The 
original dead load hardness test is that of Brinell. A hardened stee 
ball is pressed into the work under a measured load and the diamete 
of the permanent impression made is measured. From these observa- 
tions and the ball diameter, the Brinell hardness number (BHN) is 
calculated assuming that the impression is spherical and has th 
same radius as the steel ball. 

The machines in general use for making this test are of simp 
construction affording little opportunity for error due to defectiv 
action. They are easily calibrated by checking the load applied, 
diameter of ball used and device used for measuring the impression 
diameter. 

3y definition, the Brinell hardness number, BHN, is the loac 
on the ball in kilograms divided by the spherical area of the impres- 
sion in square millimeters. If our measurements and calculations are 
correct, we should have the true Brinell hardness of the piece tested 
Actually, the number obtained varies materially with the load applied 
and with the diameter of ball used. Usually these variables are held 
constant at 3000 kilograms and 10 millimeters respectively an stil! 
inconsistencies are noted, particularly at high hardness values, due 
to deformation of the ball. This last error may be avoided when 
using the standard hardened steel ball by restricting tests to metals 
under 450 BHN. A mechanical limitation is met at the lower end 0! 
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the hardness scale so that metals under about 70 BHN cannot be 
tested with the load and ball] diameter mentioned, So restricted, the 


Brinell scale is too short to be considered as a reference scale of 


hardness. 
The Rockwell hardness testing machine met the demand for a 


reliable test for metals of high hardness. Discrepancies in conver- 


sion relations are greatest at high hardness and this instrument with 
the diamond cone and 150 kilograms load, C- scale. is most widely 
used for tests at high hardness, so it was one of the pair selected for 
the study of the conversion relations considered here. 


Being more 
complicated than the srinell test. it is not as easily 


standardized by 
reference to fundamental] Standards of length and weight. 
account, the maker supplies standardized test blocks for 


On this 
checking the 
instrument. Obviously, it is desirable to standardize these blocks by 
some test that may be easily calibrated from fundamental standards, 
which is another reason for the present comparison, 

With the Rockwell test, the Brinel] principle of expressing hard- 
ness as unit pressure is discarded, the Rockwell har 


dness scale read- 
ing being proportional to depth of impression. 


On this account, one 
point difference in Rockwell hardness js equivalent to a much larger 
than at low. 
calculated from 


difference in Brinel] hardness at high hardness values 
The equivalent Brinel] hardness can nevertheless be 
the scale reading and constants of the machine. This is done here 
and the results compared with the experimentally dete 


rmined relation. 
The diamond pyramid hardness test introduced h 


y Vickers, Ltd.. 
is free from the objections mentioned to both the Brinell and Rock- 


well tests. Like the Rockwell test, it uses a diamond penetrator and 


is therefore applicable to the hardest metals. Hardness js expressed 


as in the Brinell test by load per unit area and identified by DPH 
(diamond Pyramid number). Hardness variations due to change 
ot load or size of ball inherent in the Brinel] test are eliminated by 


use of the Pyramid shape indenter. There is no limitation at the 
lower end of the hardness Scale, the same machine serving, with 
change of load or magnification of impression, to cover the range 


in hardness from tin, 5 DPH, to tungsten carbide, 1500 DPH, 


at 
least. 


undistorted hardness scale provided by 


Combined with its adaptability to direct calibration, 
ideal 


the Vickers test. 
identify it as the 
le for use as a reference standard. Although an admirable 


‘abot ry tool, it is not well adapted to routine testing so direct com- 
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parison of hardness observations made with the more practical Rock- 
well test is all the more desirable. 

To make an accurate comparison, it is necessary that the tests 
be made on carefully standardized machines and that all known pos- 
sible sources of error be eliminated. What was done in this directioy 
to assure accurate observations is described in the next section. 


EXPERIMENTAL TECHNIQUE 


Rather than undertake standardization of our particular Rock 
well machine which is quite old, test blocks prepared in our laboratory 
were submitted to the maker of the instrument for test. The tests 
were cordially made by the Wilson Mechanical Instrument Company 
and are recorded here as the true Rockwell ‘‘C’’ hardness of the test 
blocks. Repeat tests were made by us on the same blocks with a 
new Rockwell machine, Model 3-R, the values from which did not 
depart from the maker's observations by more than ™% point Rock 
well “C”. 

Diamond pyramid hardness tests were made with the Vickers 
hardness testing machine in our laboratory. Each factor determining 
the hardness number was checked against fundamental standards 
Angles on the diamond penetrator were measured on a Zeiss Uni- 
versal Micro Measuring Machine. The 136-degree angle betwee: 
opposite sloping faces was correct within one minute of are and 
these faces intersected in a sharp point. The lever arm was measured 
and found to have a ratio of 20:1 within one per cent. The weights 
were checked and found to vary not more than 0.4 per cent from 
1/20 of the indicated load. To check on friction in the mechanism, 
the actual load on the penetrator was measured and found to b 
within one per cent of the indicated value which is the accuracy 0! 
our available checking equipment. 

The micrometer microscope was checked against ruled lines 0.! 
millimeter apart on a glass plate with the 24-inch objective used 
exclusively for tests on hard metals. Dimensions in millimeters ar 
obtained from the microscope scale reading by multiplying it by t) 
factor 0.002. The glass reference plate was in turn compared with 
a certified length standard by means of the Zeiss Universal Machine 
No error larger than 0.01 per cent at 10 millimeters was foun 

Various precautions were observed in using the Vickers ma' hine 





The dash pot controlling the loading cycle was maintained ful! of 0 
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to avoid impact loading. The loading cycle was adjusted for 10 
seconds complete release of load. Lost motion in the microscope 
micrometer was held constant by always bringing the knife edges in 
toward the impression for a reading. The microscope was adjusted 
so the knife edges were’ strictly parallel to a diagonal of the impres- 
sion and the zero position checked. Both diagonals were measured 
and the mean value taken as a single hardness observation, differences 
being kept very small by keeping the test surface strictly in a plane 
perpendicular to the axis of the penetrator. There was some differ- 
ence between observations by different uninstructed observers, but 
with instructions, checks within 6 points DPH at 790 DPH were 
easily obtained. The laboratory Vickers machine agreed within a 
few points with another machine in the plant. 

The test blocks used here were specially prepared and represent 
a wide range of steel compositions and 12 different analyses. They 
were surface ground '% inch thick to have both sides parallel and had 
an area of at least 2 square inches. Each set of a particular composi- 
tion was quenched to a uniform hardness then tempered to several 
hardness values from 260 to 1000 DPH (23-70 RC), Table I. Six 
Rockwell tests and nine Vickers tests were made on each block, the 
mean values of each set of readings being given in the table. 

\n essential requirement of test blocks for this work is that 
they have uniform hardness. This characteristic was evaluated by 
calculating the mean departure from the mean of each set of readings, 
namely, the average of the differences between the individual read- 
ings and the mean. It is given after the + signs in Table I. The 
values show a remarkably high degree of uniformity in both Rock- 
well and Vickers tests, the mean departure being less than 0.5 per 
cent in almost all cases. 

This high degree of uniformity was obtained by special pre- 
cautions in heat treatment. The blocks were hardened by heating 
in a protective atmosphere followed by quenching for completely 
inartensitic hardening. After tempering, the blocks were carefully 
polished so that a clean-cut impression was obtained. The shallow 
(iamond pyramid tests were made at several levels below the as- 
quenched surface to assure absence of decarburization. 

The diamond pyramid tests for comparison were all made with 


a U-kilogram load in order to secure maximum accuracy. Accord- 
ing to the principle of design, readings made with other loads should 


be identical. To test this point, tests were made on a number of 
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Composition, Heat Treatment and Hardness of Test Blocks Com 


Used in Comparison of Rockwell “C” and Diamond Pyramid Hardness 
ee aE omnes - SS —EE — - Block N } 
Tem G1 
Quenching pering G 
Nominal Composition Temp. Temp. G 
Block ——- Per Cent——— Degrs. Degrs. RC DPH G 
No. ; Cr V X Y Cent. Medium Cent. (150 kg.) (50 kg 
G 800 Water 25 68.5 + 0.3 902 +, 
800 Water 130 67. 0.2 862 + 
800 Water 230 ; 0.2 75 
800 Water 330 55.0 + 0. 
800 Water 435 a 0. 
800 Water 500 5. 0 


7 


G 
G 
G 
G 


Uni ww 
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| . 0 
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| Ble Je 0. 
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Table II 
Comparison of Diamond Pyramid Hardness Values Made With Different Loads 
: Diamond Pyramid Hardness for Load of: Differences 
Block No 50 kg. 30 kg. 10 kg. 50-30 kg. 50-10 kg. 
G 6 902 + 6 897 + 3 898 + 4 + 5 —- 4 
Gs 753 + 5 755 + 6 748 + 7 2 : 
q@4 586 + 1 588 + 3 592 + 5 a= 2 ate 
DPH a4 468 + 1 470 + 2 468 + 4 —2 0 
(90 kg 4 816 + 1 810 + 5 796 + 6 + 6 + 20 
902 + ¢ U3 712 +2 707 + 5 702 + 5 1 5 + 10 
862 +2 U 5 531 + 3 530 + 3 527 + 5 + 1 4 
cag = BI 803 + 5 797 + 5 798 + 8 L 6 = 
168 5 B 2 759 + 4 757 + 6 756+7 + 2 + 3 
$39 B 3 663 + 2 664 + 3 659 + 5 ] + 4 
R 4 554 + 3 557 + 3 561 + 7 
* 39 623 + 3 625 + 5 628 + 6 2 - 5 
673 C 8 551 + 2 560 + 5 559 +7 9 8 
$39 ea 426 + 6 430 + 7 429 +9 4 3 
; C 6 388 + 2 394+ 2 392 + 6 4 
( qs 867 + 4 866 + 6 874 + 7 + 1 7 
816 + > 3 695 + 4 691 + 4 700 + 8 | 5 
746 +4 S 8 564 + 4 565 + 5 565 + 5 1 1 
7] S 6 447 + 2 449 + 2 448 + 4 2 l 
V1 878 + 1 885 + 4 882 + 5 7 4 
— V 6 767 + 3 769 + 7 759 + 6 2 + 8 
4 V 4 662 + 2 661 + 2 656 + 2 + J + 6 
80 V7 520 + 3 524 + 2 520 + 4 4 0 
swe x4 4 909 + 3 916 + 9 910 + 9 7 1 
wee 3 719 + 3 722 +5 715 + 6 3 + 4 
934 660 + 3 658 + 5 663 + 6 +- 2 3 
749 + 581 + 3 587 + 4 588 + 4 6 7 
34 
712 + Mean 1.0 + 0.7 
10 +4 ————— 
+16 
l Table Ill 
a ; Diamond Pyramid Hardness Values for Various Rockwell “C”’ Values as 
a Found by Authors Compared with Observations Reported Elsewhere 
Rockwell “*C’”’ Equivalent DPH Reported by: A.S.M. 
079 =" 150 Kg. Authors Sawin and Stachrowski Handbook 
ae 70 975 oa Ae 
‘ 68 885 960 1050 
ne 66 820 905 960 
12 4 64 770 850 885 
77 62 725 795 820 
767 + 60 685 740 765 
662 + 58 645 688 717 
4 56 610 635 654 
54 580 590 615 
52 545 555 567 
5 50 515 520 540 
, 18 485 490 505 
ot 16 460 465 72 
+4 435 440 437 
10? 4 12 410 415 420 
19 5 +0 385 395 389 
‘3 38 ed 370 375 
36 Cie 350 350 
34 ne 330 327 
' 32 as 315 305 
30 ot 300 287 
28 ek 285 270 
26 ee 270 263 
24 ae 260 248 
245 235 
20 a 235 223 
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blocks at 10 and 30-kilogram loads. The results are given in Table I] | point 


and show no consistent difference from those obtained with a 5%. tabs 
cONSISLU 


kilogram load, the average difference being 1 point or less. This js hat he: 
tna Ce 


further evidence of no significant decarburization for, if present, th, t infll 
_ no Mu 


lighter loads would give lower hardness values because of shallower that of 


penetration than with high loads. 
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Diarnond Pyramid Hardness, 50 kg. 


Fig. 1—Relation Between Rockwell “C’’ and Diamond 
Pyramid Hardness Obtained on Steels Containing 0 to 12 
Per Cent Chromium and Less than 4 Per Cent of Other 
Alloying Elements. 


OBSERVED CONVERSION RELATION 
rtm - ‘6 e9 - . values. 
The mean values of Rockwell “C” 150-kilogram hard 


» a ‘ a ; Table 
plotted against mean values of diamond pyramid 50-kilogram 


ness in Figs. 1 and 2, separation of the steels into two grou 
made to avoid crowding. The individual observations all fa 
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able 1 | point RC of the curves drawn to represent the average. There is no 
La 30. consistent deviation of any one composition from the curve showing 
This is that heat treatment and composition of steel within wide limits does 
nit, th jot influence the relation. Also, the curve of Fig. 2 is identical with 
allower that of Fig. 1 confirming the absence of a composition or treatment. 
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Diamond Pyramid Hardiness, 50 kg. 


Fig, Relation Between Rockwell “‘C’’ and Diamond Pyramid 
H irdness Obtained on Steels Containing 1 to 18 Per Cent Tungsten 
nd Other Alloying Elements. 


) 


, h; z 1 . 7 . - . . . < . 2 
[his conclusion agrees with that of Sawin and- Stachrowski' 


who aT af 


tate: “Rockwell ‘C’ numbers from 20 to 50 may be con- 


var wl 4 e. -* ee ° 
verted to Brinell, Vickers and Monotron numbers.” Our conversion 
-] { “~ ° e ° ° 
ess art values, however, differ materially from theirs at high hardness values, 
' Tahle TT rp : i _ 
. hard- able | Uhe discrepancy with respect to A.S.M. Handbook values 
s being . 


a * . wee iwin and E, Stachrowski, “Comparative Tests of Hardened Steel by Means 
witht ye n Testing Apparatus,” Transactions, American Society for Steel Treating, 
\ ( E 7 
p. 249. 
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is still greater. At 66 RC Sawin and Stachrowski’s value is 85 points 
DPH high and the Handbook value 140 points high relative to oy; 
value of 820 DPH. Below 50 RC the agreement is quite acceptable 
[t is possible that Sawin and Stachrowski’s observations are in error 
due to failure to refer back to Rockwell hardness standards, Th 
same may be true also of the Handbook relation, though the further 
possibility exists that there has been double conversion, that is, the 
relation of Rockwell “‘C’’ to DPH is deduced from relations of eac! 
to some other hardness scale, thereby compounding errors. 


In order to put the data obtained in more convenient form for 
conversion, Table IV was prepared, the values being taken fron 
Figs. 1 and 2. By taking even steps in diamond pyramid hardness, 
position in the table is significant as to hardness difference. That js 
to say values one row apart at the top of the table differ in stati 
penetration hardness by the same amount as values one row apart 
at the bottom. The ultimate object of this work was, of course, t 
provide just such an accurate relation so that all hardness readings 
reported in the literature at least can be expressed in one scal 
namely, the diamond pyramid hardness scale, no matter what hard- 
ness test is made. This table enables one to do so for the Rockwe 
“C” hardness readings and it is hoped that further work will be don 
making possible reliable conversions from other hardness tests. 


CALCULATION OF CONVERSION RELATIONS 


The possibility exists of calculating the relation of Rockwell “C 
to diamond pyramid hardness already determined experimentall) 
from the constants of the respective test instruments. Petrenko* has 
derived relations for so doing, assuming no deformation of the pen 
trator or elastic recovery of the work. Applying his equations som 
interesting facts are disclosed. 

Since Petrenko assumes no deformation of the Brinell ball in his 
equation for the relation of BHN to RC one may substitute DP 
for BHN in his equation: 

150 
DPH LE (1) 
2mrS + 10.882 (L’* + 21L) 
which is applicable to RC values of 23 to 80. These symbols at 
defined by Fig. 3. From the dimensions of the Rockwell penetrate! 


2S. N. Petrenko, “Relationships Between Rockwell and Brinell Numbe 
Bureau of Standards, Journal of Research, Vol. 5, 1930, p. 19. 
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r = 0.20 mm. 
S 0.0268 mm. 
| 0.0578 mm. 


150 
DPH — - ————- (2) 
0.0337 + 10.882 (L* + 0.1155 L) 





Si) 


|. may be evaluated in terms of RC from two other equations, 


namely : 
L? + 4.308 SL + 4.308 S (S — 15 ho) 0) (3) 
derived from the ratio of major to minor areas and: 
(0.002 (100 — RC) L +S — ho (4) 


lerived from the definition of Rockwell “C” hardness. Evaluating 


constants and combining : 


|? 1.617 L + 0.3031 — 0.003465 RC (0) (5) 
the solution of which 1s: 
1.617 + ¥ 1.403 + 0.01386 RC 
I. depressants (6) 
? 


The values of DPH calculated from equations (2) and (6) are 
given in Table V, third column. These values are far from our 
observed values as Petrenko has already indicated in his discussion 
of their relation to Brinell hardness. Deformation of the penetrator 
is not a major cause of this discrepancy because of the use of a 
diamond. The only other obvious cause is elastic recovery or spring 
back of the metal under the Rockwell penetrator on release of the 
load. The load being a maximum at the center of the impression, the 
clastic recovery should have a much greater effect on hardness num- 
bers obtained from depth readings as in the Rockwell test than on 
hardness numbers obtained from diameter readings as in the Vickers 
lest. Accordingly, the possibility of such an effect was investigated. 

The diameter of Rockwell hardness test impressions both under 
the minor and major loads was measured with the Vickers microscope 
micrometer, the results being given in Table VI. From these read- 
ings the depth of impression was calculated assuming that the im- 
pression has the identical shape of the penetrator thereby obtaining 
(epth values, column 6, comparable to those measured by RC but 
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unaffected by elastic recovery. The observed Rockwell number give, 
the depth of impression h, as modified by the presumed elastic 
recovery, column 7, so the difference then, column 8, is the elastic 
recovery under the point of the Rockwell penetrator. 

The depth of the impressions were calculated from the observed 





Fig. 3—-Geometry of Rockwell Diamond Cone Impression 
in Work When Impression Has Identical Contour with the 
Cone. d Represents the Diameter of the Impression Unde 
Minor Load of 10 kg. and D that Under Major Load of 
150 ke. 


diameters by means of the following relations derived from t 


geometry and constants of the Rockwell diamond cone: 


: VV 0.16 a 
le 0.20 noctaitullastindelaitiaiie 
> 


H’ 0.2887 D 0.0310 


where d is the observed diameter of the impression made by 
minor load and D that made by the major load. The observed dept! 
of impression h, which is that modified by elastic recovery is obtain 
simply from the definition of Rockwell “C” hardness: 


h, 
100 a 
0.002 


whence 


hi 0.20 0.002 RC 


The values of elastic recovery are plotted in Fig. 


It 


Rockwell “C” hardness. They show a striking phenomenon, | 
ween 


a peak at about 45 RC. The metal apparently behaves as | 52 
:; ' ! at elastic 
is more plastic both below and above this value. Possibly a 
. e ques 
represents maximum toughness of quenched and tempered 
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June 
her oi = re 4 # x CRS Ay EE 
VET ives Table IV 
(| elastic Conversion Values for Transposing Rockwell ‘‘C’’—150 Kg. Hardness to 
1e elastic Diamond Pyramid Hardness or Vice Versa 
DPH RC Depth of Impression in Inches 
4 (50 Kg.) (150 Kg.) DPH RC 
OvDSe@CTVe 
SET VEC 1000 70.4 1.71 x 10-3 2.33 x 10-3 
980 70.0 1.73 2.36 
960 69.6 1.75 2.40 
940 69.2 sve 2.42 
920 68.8 1.79 2.46 
900 68.4 1.81 2.49 
880 67.8 1.83 2.54 
860 67.2 1.85 2.58 
840 66.6 1.87 2.63 
820 66.0 1.89 2.68 
800 65.2 1.92 2.74 
786 64.4 1.94 2.80 
760 63.6 ] 97 2.86 
740 62.6 1.99 2.94 
720 61.8 2.02 3.01 
700 60.8 2.05 3.09 
680 59.8 2.08 3.17 
660 58.6 2.11 3.26 
640 57.6 2.14 3.34 
620 56.4 2.18 3.44 
600 55.4 2.21 3.52 
SR0 54.2 2.25 3.61 
S60 53.0 2.29 370 
S40 51.8 > 32 R80 
520 50.4 2.37 3.91 
sa00 49.0 2.42 4.02 
; $20 47.8 2.47 4.1] 
rom th 460 46.2 2.53 4.24 
440 44.6 2.58 4.37 
420 42.8 2.64 4.51 
100 41.0 2.71 4.65 
0.0542 
mn Depth of diamond pyramid 50 Ke. impression 
{ ne . 
' Vv DPH 
Depth of Rockwell ‘“‘C—150 Kg.” impression (7.88 0.0788 RC x 10-3 in. 
(xs va 
by wea te 
+a Table V 
ead de . 
Comparison of Observed and Calculated Values of 
} “7 ~~ ; 
obtain DPH for Several Values of RC 
—_____—_- —__— Diamond Pyramid Hardness- a 
—_ ——Calculated—__—__. 
Observed by Without Corrected tor 
RC Authors Correction Elastic Recovery 
70 975 1537 1248 
795 1235 969 
60 685 984 768 
) 515 690 532 
+() 3R5 501 399 
) 379 315 
(7) ) 90) 228 
agadllis 
namel\ It is now a simple matter to correct the calculated relation be- 
s ‘ ' tw 1 I a . 7 . . T e 2 - rr’ > ‘" 1c 
ough ween DPH and RC of Table V by means of Fig. 4. The values of 
is vall wid SUC very for each value of RC need only be added to the 


eel, \. obtained from equation (6) and substituted in equation 
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2). The results of so doing are given in the fourth colump ,; 
lable V. Still there is a material difference between calculated ay, 


observed values at high hardness, but between 60 and 40 RC 4, 
agreement is at least as good as between different conversion relation: 


S 


Elastic Recovery, Mm. 
. : , 


Fig. 4—Elastic Recovery of Work Under Point of Rock 
well Diamond Cone on Release of Major Load as Calculated 
from the Observed Diameters of Major and Minor Impressions 
and Corresponding Rockwell “C’’ Number. 


Table VI 
Calculation of Elastic Recovery During Rockwell “C” Test from Observations on 


Diameter of Impression Under Major and Minor Loads. All Dimensions in Millimeters 


Observed Observed Diameter 
of Impression 
- — Calculated Depth of Impression — Observed  Elast 
150 Kg. Major Minor Major Minor Depth Ke 
RC D d H’ h’o H’ — h’o = h’; h, h’ 
66.0 0.431 0.131 0.0935 0.0110 0.0825 0.0680 
65.8 0.424 0.133 0.0914 0.0115 0.0799 0.0684 
62.9 0.452 0.140 0.0995 0.0125 0.0870 0.0742 
59.2 0.494 0.144 0.1116 0.0135 0.0981 0.0816 
0.563 0.161 0.1315 0.0170 0.1145 0.0960 
.0 0.634 0.182 0.1520 0.0218 0.1302 0.1100 
38.4 0.687 0.196 0.1674 0.0255 0.1419 0.1232 
5.9 0.806 0.229 0.2017 0.0360 0.1657 0.1482 


Elastic recovery must therefore be considered in any calcuiation © 


hardness number on a unit pressure from impression depth readings 
The residual discrepancy at high hardness values is a matter for ! 
ther speculation. 
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SUMMARY AND CONCLUSIONS 


As part of an effort to provide a means for reporting hardness 
rest observations on different instruments in terms of a single uni- 
form hardness scale, an experimental study was made of the relation 


hetween Rockwell “C’’ and diamond pyramid hardness tests. The 


‘ tests were made on steel blocks made from a wide range of composi- 


tions quenched and tempered to various hardness values. Our results 
show definitely the absence of any effect of composition or heat treat- 
ment on the relation. 

Our observed values of diamond pyramid hardness at particular 
kC values agree well with others reported in the literature at moder- 
ate hardness values, but are low at high values. The discrepancy at 
high values is attributed primarily to failure of other observers to 
refer back to standards of Rockwell hardness. 

Diamond pyramid hardness values were also calculated from 
kockwell “C’’ observations by means of Petrenko’s equations and 
found, as anticipated, to be widely different from the observed 
values. This difference is attributed to elastic recovery of the metal 
under the Rockwell penetrator. 

Elastic recovery was calculated from observations of diameters 
of Rockwell impressions and found to be relatively large, ranging 
trom 15 to 20 per cent of the impression depth. 
values of about 0.0008 inch at 45 RC. 


It has a maximum 


Applying a correction for elastic recovery to the mathematical 
relation between DPH and RC, the calculated curve was brought into 
close proximity to the experimental curve in the range 40-60 RC. 
\t higher values there is still considerable divergence, though much 
less than without this correction. 
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This discussion of their paper is not intended to indicate approval of ; 
use of conversion charts, none of which are mathematically exact, o1 
made mathematically correct. 


ot hardness and the material selected to cover such a wide range of alloys 
The authors have chosen the diamond pyramid hardness scale to 
ideal scale to which all other hardness scales should be referred because | 


assume this scale provides an undistorted hardness scale and is adaptabl 


direct calibration. 


The above is 
selected as an ideal scale, other factors which enter into the test should 
investigated. Many authorities claim it is desirable to report the load at 
the determination of the diamond pyramid hardness test is made and j 
holds true, although the present study does not bear it out, then the undistor' 
hardness scale becomes tied up with the load at which the tests were n 
No mention is made of the “bulge effect” present in all types of penetrat 
hardness tests. According to O'Neill,’ in the diamond pyramid hardness t 
“piling-up” does not produce a concentric ridge, for while metal is extrud 
upward along the face of the indenter, it remains practically at th 
level near the corners. 


value of both the projected and the contact areas of the indentation and pro 


erronec yusly high 


curvature of the metal, causing high values of area and erroneously low 
ness numbers. The true area can be determined approximately but for an ¥ 
scale it should be capable of exact mathematical determination. 

Is it not extremely pertinent also to ask whether any hardness s 


upon indentation 


“piling-up” around the brink of the impression occurs with some meta 
“sinking-in” at the 
resists penetration and sinking of the brink facilitates penetration 
“ideal” hardness scale would give equal hardness values to metals 
some future method of hardness testing still more “ideal,”’ because | 
by brink characteristics, would not give equal values. 

The authors advance, as a possible reason 
between their work and that of previous investigators, the failur 
“Rockwell” 
earlier investigators failing to check the diamond pyramid hard: 
which would involve checking of angle of diamond penetrator, loads, 


to refer back to 





**The 
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DISCUSSION 





Written Discussion: 
Co., Inc., New York. 

The authors are to be complimented on the very thorough and comple 
paper they have presented. | 


kK. Lysaght, Wilson Mechanical Instrymey 


Nevertheless, it must be admitted that convers; 
tables are used to a large extent and it is gratifying to see a study carried 
where the instruments involved have been so carefully checked, the materia 


upon which the study was made heat treated to insure the maximum uniform) 


discussion furthermore, 


In such a case, the diagonal measurement gives a | 


hardness “Sinking-in” 


hardness considered 


standards. However, 


Hardness of Metals and Measurement,”’ 
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vetem, adjustment of micrometer knife edges parallel to diagonal or impres- 
‘on. etc.—-a far more complicated requirement than checking a “Rockwell” 
tester by means of standardized test blocks which all users of the “Rockwell” 


machine are educated to do. There is good reason to believe that if a round- 


robin check were made on several diamond pyramid hardness testers, some 


very interesting results would be obtained. 


The unexplained discrepancy between diamond pyramid hardness values 
obtained from the Vickers tester and from P/A values calculated from the 
“Rockwell” test may be due to the difficulty of obtaining the true diameter of 
impression due to “piling-up” effect; and that at high hardness values the 
shapes of the two indentations are quite dissimilar, one being largely a sphere 
of definite radius while the other is only defined as a sharp-pointed pyramid. 


Oral Discussion 


C. B. Saprter:* We have been very much interested and rather vitally 

ncerned in having as close a Rockwell-Vickers conversion relationship as 
possible, particularly 18-2-1 high speed steel. We attempted five or six years 
io to set up such a relationship and felt that we had a fairly good one and 
we did what the previous discusser considered a desirable thing to do, had 
something of a “round-robin” check. We took a couple of our Rockwell “C” 

standard blocks and sent them to the Bureau of Standards and also sent them 
to another laboratory who we felt were in a position to make both accurate 
Vickers and Rockwell tests. We obtained a very gratifying agreement. The 
liscrepancies in terms of Vickers’ figures were less than ten points, in some 
cases only two or three points. The Bureau of Standards made three deter- 
inations for us and, using that as a standard, the deviation of the other two 
were within ten points Vickers which we considered good. 

More recently we desired to make a further study of the relationship and 
und that our previous standard was in error by an amount which did not 
vorry us especially although it is more than we like to see. In certain portions 

the curve there was as much as 11 points variation from our standard of 
some five or six years ago. That is nowhere near as bad, however, as the varia- 
tion which exists between our standards and the ones that are found in various 
publications. We have assembled data from nine different sources and find the 
variations are as much as 33 points Vickers below ours to as much as 87 points 


above ours. Those happen to be the figures at 65 Rockwell “C” equivalent 


nd #¢hase ; . ° ate 
d that is about ten times as bad as what we consider a fair agreement. 

it appears that the reference to this paper which was made in a recent 
issue of Metal Progress is somewhat misleading, or as least at variance with 


servations which we have made in respect to Rockwell and Vickers values 


v different types of steel. For example, on our standard conversion for 
8-4-1 hig! speed steel, 65 Rockwell “C” is 853 Vickers. On hardened S.A.E. 

1095 stec however, 853 Vickers is 66.5 Rockwell “C.” 
H “ISCHBECK:” We have used the Vickers hardness testing machine 





‘Met ist, Barber-Colman Co., Rockford, Il. 
tallurgist, Pratt & Whitney Aircraft, East Hartford, Conn. 
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for over nine years and the Rockwell for 15 years and can therefore aor 
with the authors that the Vickers makes a better hardness testing machine 


laboratory purposes than the Rockwell, but the Rockwell is the better produ 
tion machine. 












We have also not been able to get a true conversion between Vickers oy 
Rockwell. We believe that the reason depends upon, first, the mass of ¢ 
sample used in the making of the conversion and, second, the finish of 4: 
surface. This variation is especially noted on the harder materials. [t cay | 
seen that the lighter the load and the harder the piece, the greater the percentay 
of error and, therefore, the difference that the authors have obtained betwe, 
their table and that of the ASM is very close for all practical purposes wh 
all points are taken into consideration. 

J. J. KAnteR:* The statement is made in Mr. Scott’s paper that Vickers 
number is independent of the load. We must not take this conclusion | 
literally for all material, although it is a good approximation for hard steel 
which have reached the limit of their hardening capacity. 
on soft annealed copper, one finds that the variation of hardness of 
Vickers number is considerable, particularly at the smaller loads. 


If a test be n 










If a series of Vickers numbers for annealed metals are plotted agains 
either the load or the diameter of the indentation, one obtains a curve starti 
to rise rapidly at small loads, attaining a maximum and then falling to a « 
stant number for the larger loads. This sort of curve, of course, is not fou 
unless the metal has a considerable work hardenability. When dealing wi 
work hardenable metals, it can readily be seen that difficulties arise in attempt 
ing to make conversion tables to relate one type of test to another wher 


relatively different amount of work hardening is involved. If we plot Vickers 







numbers against load or diameter for copper having various degrees ol « 
working, one finds the greater the degree of cold work, the smaller the | 
necessary to establish constant Vickers numbers. 















We therefore may anticipate greater difficulties in making conversion table 
for the working hardenable materials than the authors have had to cope \ 
in their present treatment of hardened steels. 


Authors’ Reply 


Some of the interesting points brought out in the several comments 
this paper deserve further consideration. One is Mr. Lysaght’s impression tl 
we consider the diamond pyramid hardness scale to be ideal. Such ts not! 
case, our view being simply that the diamond pyramid test approaches 1 
closely to the ideal than any other standard test. Undoubtedly there is dist! 
tion of the impression producing abnormality in the hardness scale based 
this test both at high and at low hardness values. At the round table discus 
sion on “The Nature of Hardness,” Mr. Swanger described a form of inde! 


that may offer a means for avoiding this abnormality. 









Mr. Lysaght’s explanation of the discrepancy between the observed iam 
. - , . | nt 
pyramid hardness values and those calculated from Rockwell impress cl 





6Research metallurgist, Crane Co., Chicago. 
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With regard to repro- 
ducibility of the diamond pyramid test, we have made comparisons between 
three machines in our East Pittsburgh Works and found prior to adjustment 
‘or correction that they check within a range of = 15 points at about 800 DPH. 

Mr. Sadtler calls attention to the surprising discrepancies in current con- 


corrected for elastic recovery is quite acceptable to us. 


version relations. We can understand them only as a result of double con- 


version. Suppose, for example, that diamond pyramid hardness is compared 
with Brinell hardness values obtained with a standard ball, in one case, and 
srinell with a Hultgren ball. 


srinell balls give widely different values at the same high 


Rockwell hardness with hardness measured 
Since these two 
hardness, there would be a large error in the relation between the diamond 
pyramid and Rockwell hardness compared through the Brinell values so ob- 
served. Nevertheless no published conversion table specifies the type or hard- 
ness of the Brinell ball used. 

We are glad to have Mr. Sadtler’s careful observations for comparison 
with our own even though there is considerable discrepancy. He finds 853 
DPH on 18-4-1 high speed steel at 65 RC while we find 795. This difference 
is too large to ignore and emphasizes the difficulty of obtaining agreement be- 
tween laboratories. Intercomparisons are obviously necessary to isolate the 
cause of discrepancy. 

Mr. Sadtler reports also a difference in the Rockwell value on carbon 
steel from that on high speed steel, both at 853 DPH, namely 66.5 and 65.0 
respectively. We have observed the same effect, though not quite so pro- 
nounced, since presenting this paper. It is found, however, only in large 
sections of carbon tool steel in which there is a hardened shell underlaid by a 
soft core of considerable area. Under these circumstances the shell is under 
very high compressional stress which undoubtedly accounts for the difference. 
We find at 895 DPH a Rockwell value % to 1 point higher than the con- 
version value of 68.2. the list of 
those which must be considered in the establishment and use of hardness con- 


version relations. 


This is one more factor for addition to 


Mr. Fishbeck and others do not agree with us that there is an exact and 
reproducible relation between Rockwell and diamond pyramid hardness. We 
have shown, however, that consistent relations can be obtained if attention is 
paid to all of the possible sources of variation and error. 
tions surface finish and mass of the test piece. 


Mr. Fishbeck men- 
Certainly finish is an important 
tactor, but we have no indication that size is important in these tests, except 
as mentioned in connection with carbon steel. 
size is a very important factor. 


In the scleroscope test, however, 


lt is very gratifying to have brought out the information which Mr. 
Kanter presented. While it is beyond the range of our present experience, 
we expect, nevertheless, to investigate softer metals and to profit by Mr. 


Kanter’s observations as well as those of the other contributors to the discus- 
sion of our paper. 

























A METHOD FOR THE PREPARATION OF 
METALLOGRAPHIC SPECIMENS* 


By GrEorGE A. ELLINGER AND JosEPpH S. ACKEN 


Abstract 


A lapping method for the preparation of metallo- 
graphic specimens has been successfully used at the 
National Bureau of Standards for several years. Inter 
mediate preparation of specimens is done on a grooved 
lead-tin (50-50) disk in which emery has been embedded. 
V-shaped grooves arranged in a rectangular pattern serve 
to hold lubricants and to catch partic les of dislodge d eme ry. 
Soft metals and those containing nonmetallic inclusions, 
which are ordinarily considered difficult to prepare, have 
been polished using this method. Photographs of struc- 
tures of lead, tin, silver, graphite flakes in cast irons and 
nonmetallic inclusions and other’ structural features im 
steels are shown as examples of the use of this technique. 









ROM time to time, in metallurgical literature there have appear 
new methods for the preparation of metallic surfaces for micr 
scopic examination. It is significant to note that seldom has ther 
been an important advance in the science of metallography without 
corresponding advance in the methods of preparation of specimen: 





In early days when polishing was extremely crude, according | 
present-day standards, it was possible to reveal, by etching, ot! 
the gross features of structure. As the technique of polishing wa: 
improved to reveal finer and finer details, it became possible 













modern methods to procure sharp details in specimens magnilied 
several thousand times. The marked advances in recent years, ! 
clarity of detail of metallographic structures presented in preset 
day metallurgical literature, are believed to be due more to impro\ 
ments in the preparation of the surfaces than to the improved optica 
equipment available today. 

Although their characteristics are not well understood, consider 


*Publication approved by the Director of the National Bureau of Stand 
U. S. Department of Commerce. 








A paper presented before > Twentieth Annual Convention of the Soci! 


held in Detroit, October 17 to 21, 1938. Of the authors, George A. Ellinger © 
associate metallurgist and Pode S. Acken assistant science aide, the Natio! 
Sureau of Standards, U. S. Department of Commerce, Washingt D 
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able importance is attached to the surface films on polished metals. 
It is impossible to reveal fine details of the metal structure when they 
are obliterated by a film of flowed metal at the surface. At the same 
time it is practically impossible to polish a specimen without causing 
some surface flow. The finest details of structure are revealed only 
when the film produced by polishing is thin enough to be entirely 
removed by the etching treatment. 

Recommended procedures for the preparation of specimens have 
placed more emphasis upon the final polishing and not enough im- 
portance has been attached to proper manipulation in the intermediate 
stages. It is evident that deep scoring or disturbance of underlying 
metal is fatal to good results, regardless of the excellence of the final 
polishing. 

In general, the intermediate stages of preparation may be accom- 
plished by either fixed or loose abrasives, the first being represented 
by emery or carborundum papers, and the second by abrasive powders 
applied with water or other liquids on a cloth of suitable material 
and preparation. 

Deep scratches and severe local distortion below the surface are 
caused by nonuniform particle size of fixed abrasive on the papers. 
The same effects may be caused also by grains of abrasive becoming 
detached from the backing and rolling under the specimen. Scratches 
and distortion are particularly detrimental to the proper preparation 
of soft metals such as lead, tin, pure iron, etc. 

Loose abrasives applied to a cloth with water or other liquids 
present the same difficulties, together with the probability of tearing 
out nonmetallic inclusions in steels and graphite flakes in gray cast 
Irons, 

Several years ago considerable difficulty was encountered in the 
metallurgical laboratories of the National Bureau of Standards in 
polishing specimens of a certain steel which was very soft and con- 
tained numerous inclusions. Loose abrasives tore out practically all 
of the inclusions. Preparation of the specimens with papers per- 
mitted the retention of inclusions, but nonuniform particles of abra- 
‘ive disturbed the underlying metal so severely that sharp details 


were not observed after etching. Prolonged final polishing to re- 
move the disturbed metal resulted in the loss of inclusions. 

_ The use of abrasives embedded in a soft lapping block was con- 
sidered. Pitch laps such as those used in the polishing of optical glass 
vere not satisfactory because of uneven wear. At the suggestion of 
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Fig. 1—Lapping Disks for the Preparation of Metallographic Specime 
The Large Disk is a High Strength Cast Iron, the Small One, an All 
50 Per Cent Lead—50 Per Cent Tin. 
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the optical shop* a lapping disk of lead-tin (50-50) alloy charged 
with an abrasive of suitable size was tried. This procedure proved 
to be very satisfactory for the particular steel that caused difficulty, 
4 soft steel with numerous inclusions. It has proved to be so use- 
ful in the preparation of other metals which are considered difficult 
to prepare, that a detailed description of the procedure was con- 
sidered to be a useful contribution to the science of metallography. 
This paper treats only of the intermediate stages of preparation and 
does not discuss the final polishing. 


DESCRIPTION OF METHOD 


The preparation of metallographic specimens on lapping disks is 
not new. A distinctive feature of the present method is the use of 
two disks containing V-shaped grooves arranged in a rectangular 
pattern. These are shown in Fig. 1. The larger disk is a high- 
strength gray cast iron with the graphite uniformly distributed in 
very small flakes. This disk is 8 inches in diameter and contains 
grooves ¥% inch apart, milled to a depth of 5 inch, with a 60-degree 
(included angle) milling cutter. Before milling, the surface was care- 
tully ground on a precision surface grinder. The maximum devia- 
tion from a true plane was less than 0.0001 inch over the entire sur- 
face. The smaller disk is a lead-tin (50-50) alloy. It is 6 inches in 
(diameter and contains grooves % inch apart, milled to a depth of 3s 
inch, with a 60-degree (included angle) milling cutter. The surface 
of this disk was faced flat in a lathe before milling. 

The specimens are prepared only on the lead-tin disk, the iron 
(isk being used solely for charging the lead-tin disk with emery and 
to keep it flat. Charging is accomplished by placing emery of the 
proper grade mixed with water on the face of the cast iron disk and 
rotating the lead-tin disk, face down, upon it for about 30 seconds. 
Kmery particles are thus embedded uniformly in the lead-tin disk 
and it is ready for use. The emery which has not been embedded in 
the lead-tin disk is brushed off vigorously with a small, stiff hand 
brush under a generous supply of running water. It is quite impor- 
‘ant that this excess emery be carefully removed to prevent embed- 
ding it in specimens of soft metals. 


[he use of the lead-tin disk in the preparation of specimens has 


out dgment is made to E. A. Webb of the optical shop of the National Bureau 
_ tor his assistance and co-operation in the preparation of the laps. 





TRANSACTIONS OF THE A. S. M. 








‘ig. 2A—Inclusions in a Low Carbon Silicon-Manganese Steel. Unetched. 


2B—lInclusions in Low Carbon Manganese-Molybdenum Steel. Unetched 


. 2C—Inclusions in Low Carbon Copper-Nickel-Molybdenum Steel. Unetche 
2D—Inclusions in Low. Carbon 1 Per Cent Aluminum Steel. Unetched 
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several distinct advantages. A means of using a fixed abrasive, wit 
water or other suitable liquid for lubrication, is provided. The emer 
particles are embedded in the disk in much the same manner as the 
are glued to a paper. The milled grooves serve both for retaining 
water for lubrication of the surface and as a place of deposit for 
particles of emery which might become dislodged. Dislodged parti. 
cles are carried by the specimen to the nearest groove and ar 
dropped, which prevents their further rolling under the surface 
of the specimen. Ungrooved disks soon become dry and allow th 
loose abrasive to roll. Of many abrasives tried, emery was the 
only one which produced satisfactory results. Sharper abrasives 
such as carborundum caused deep scratches which were quite diff- 
cult to remove. Emery, being quite friable, probably breaks up mor 
readily into finer particles, when dislodged, thus avoiding the for- 
mation of deep scratches. 

Two sets of disks are generally used in the preparation « 
specimens, one for use with a medium emery (American Optica 
Company Grade 302), the other with a fine emery (American Optica 
Company Grade 303%). 

The use of the disks produces specimens of extreme flatness 
which require considerably less time to polish than those which ar 
rounded or uneven. For example, a specimen of annealed 0.45 per 
cent carbon steel, 54 inch in diameter, was filed flat and processed 01 
two laps ready for final polishing, in three or four minutes, with « 
surface which did not deviate more than 0.00002 inch from a tru 
plane. 


RESULTS 


Photographs of specimens of various materials prepared by thi 
lapping method are shown in Figs. 2 to 9, inclusive. 

Fig. 2 shows photographs of various types of inclusions foun 
in several “dirty” steels. Fig. 2D is an unidentified inclusion, not 
elongated by hot working, that was found in a steel containing | pe 
cent aluminum. The inclusion was not pitted or torn out in prepara 
tion of the specimens. 

Figs. 3A and B are photographs of a corrosion-resisting ste 





of the 18-8 type. This specimen was annealed for 6 days at /° 


. ; ar * Pig 

degrees Cent. (1380 degrees Fahr.). A duplex type of grain boundary Fig 
. . _* a° j lotel| rig 

structure is shown in Fig. 3B. Fig. 3C shows pearlite complete! Fig 


spheroidized in a matrix of ferrite. Fig. 3D shows the structure | 
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Fig. 








1939 


EO A CAPONE: 


-REPARATION OF METALLOGRAPHIC SPECIMENS 


KS 


a te cad aah 
\ ec ‘ cs ><, 
> — 4 . i ™ 

£ ae P eTNhe 
Ba Ve \ LF. yee 
‘ Pr: if ° Ss, cas i” 
oe ‘i > . . 
ie V~¥ peat 
™ 2 ay oF a 
> t aye & 
Pa eit; Py; 

: at 

a Ae. Pa « 





Annealed Yellow Brass Tubing Containing 1.25 Per Cent Aluminum. 
Ammonium Persulphate, Electrolytic. < 100. 

Yellow Brass. Rockwell Hardness B 9. Etchant same as Fig. 6A. 
Cast Red Brass, 85-5-5-5 Type. Etchant same as Fig. 6A. X 100. 
wo Copper Tubes Soldered. NH,OH + HeOe. x 250. 
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spheroidized cementite in a hard matrix as found in razor-blade 
steel. 

Figs. 4A and B are the same location in an iron of high purity. 
prepared at this Bureau. Fig. 4B, etched with 4 per cent picric 
acid in alcohol, shows, in addition to the grain boundaries, an alpha 
veining pattern. This pattern was not revealed by etching in | per 
cent nital, Fig. 4A. High purity iron is very difficult to polish be- 
cause of its extreme sensitivity to surface flow and its capacity for 
work hardening. Figs. 4C and D are of cast irons, showing ap 
almost perfect retention of graphite flakes. 

Fig. 5A is a photograph of commercial aluminum and 5B of an 
aluminum-copper-silicon-manganese alloy. The inclusions and smal! 
particles of metallic constituents were perfectly retained in these 
specimens. Fig. 5C shows the structure of a low carbon arc weld 
and Fig. 5D the structure of a hot-rolled manganese-molybdenum 
alloy steel containing 0.10 per cent of carbon and 0.45 per cent of 
molybdenum. 

Fig. 6A shows the structure of an annealed yellow brass tube 
containing 1.25 per cent of aluminum. Fig. 6B shows the structur 
of a very soft yellow brass, (hardness—Rockwell B9). These speci- 
mens are offered as examples of results on soft brasses of small and 
large grain sizes. Fig. 6C shows the structure found in a cast red 
brass of the 85-5-5-5 type, while Fig. 6D shows a joint between tw 
pieces of copper tubing soldered with lead-tin solder (50-50). 

Fig. 7A shows the structure of an annealed silver, (99.995 per 
cent Ag), Fig. 7B, a cast silver-silicon alloy containing 0.03 per cent 
of silicon, and Fig. 7C, a hot-rolled rod of a silver-silicon alloy con- 
taining 1.25 per cent of silicon. Fig. 7D shows the structure of cas 
tin’ (99.5 per cent Sn). 

Figs. 8A, B, and C show the structure of commercially pure 
lead; Fig. 8A an electrolytically deposited lead, Fig. 8B commercial 
lead, and Fig. 8C an annealed cast lead. Fig. 8D shows the structure 
of “star” antimony containing some lead. 

Fig. 9A shows the structure of a lead-coated steel wire. The 
dark area adjacent to the steel originally contained a zinc bonding 
layer, which was removed by the etching reagent. Fig. 9B shows 4 


weathered hot-dipped zinc coating on steel wire and Fig. 9C a platet 
zinc coating on steel wire. Fig. 9D shows the structure of cast pu" 


zinc of the quality used for melting point determinations. 
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Annealed Silver (99.995 Per Cent Silver). Etch: er Cent Citri 
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Fig. 8A—Electrolytically Deposited Lead. Etchant 10 Per Cent Perch! 
Electrolytic. > 500. 

Fig. 8B—Cast Lead. Etchant 10 Per Cent Perchloric Acid, Electrolytic 

Fig. 8C—Annealed Lead. Etchant 10 Per Cent Perchloric Acid, Electrolyti 

Fig. 8D—**Star” Antimony, Containing Lead. Unetched. x 100. 
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Lead Coating on Steel Wire. Etchant 10 Per Cent Perchloric Acid, Electro 


Hot Dip Zine on Steel Wire. Weathered, Palmerton Reagent. X 500. 
Electrolytic Zinc Coating on Steel Wire. Etchant, Palmerton Reagent. x 500. 
Cast Zinc, Melting Point Quality. Etchant, Palmerton Reagent. X 100. 
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CONCLUSIONS 


A method has been described for the intermediate stages of 
preparation of metallographic specimens which has proved to be of 
value. The method is rapid, efficient, and provides specimens of con- 
siderable flatness for the finishing stage. Specimens are remarkably 
free from surface distortion, and inclusions of all types are retained 
without pitting or tearing out. The method has been found to be of 
great value in the preparation of soft metals, which are quite difficul 
to process by other methods. The equipment required is inexpensive 
and the technique is not difficult to acquire. 


DISCUSSION 


Written Discussion: By C. W. Mason, professor, chemical microse 
and metallography, Cornell University, Ithaca, N. Y. 
The writer is convinced that the most serious relief polishing, removal oj 


py 


inclusions, and rounding of edges occur in metallographic preparation by tlh: 
usual methods at the first stage of surfacing on cloth laps, especially if a 
relatively coarse abrasive (“600-mesh” carborundum or alundum, for example 
is used. This can be plainly observed with cast irons, in which graphit 
perfectly retained through the last stage with the emery papers, is rapidly torn 
out and the voids rounded by the severe cutting action of the first lap, ever 
though it may be covered with a thin hard cloth or even with wax. Ver 
cautious procedure is essential at this stage, and if the retention of inclusions 
is a problem it is usually desirable to pass directly from the last paper to t 

levigated alumina lap, even though it is slower in removing the scratches from 
the paper. 

Any procedure, such as that contributed by the authors, which will minimiz 
the above difficulties is most welcome. One might wish that they had made 
more study of the disks with embedded emery, for the way the particles ar 
anchored and the amount they project are of great importance in governing 
the depth of the scratches and the cutting action. It is a fact that an abrasive, 
used on a cloth lap, can give a surface on steel which is adequate for studies 
at < 500, whereas the same abrasive on a bronze lap yields scratches far worst 
than those from the last emery paper. 

Obviously the fineness of the microscopic or submicroscopic scratches tha! 
make up the surface of any specimen that has been prepared by true abrasion 
rather than by surface flow is determined not directly by the diameter of the 
particles but by how deeply their corners and edges score the sample. The) 
may be likened to cutting tools lightly held at random, and under chatce 
pressures, as contrasted with tools of the same size, used with a heavy feed 

Embedding in soft metal laps, under precise control, will permit mort 
systematic results, but other indirect factors, such as viscosity and surface t@ 
sion of ti: suspending medium for instance, may be of primary importance " 
the more usual methods. Until we have some rational analysis of the mict 
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scopical and submicroscopical aspects of surface abrasion, and have learned 
how to control certain of the variables that are now left to chance, even appar- 
ently specific directions cannot always yield consistent results for various 
workers 

It is generally considered that emery, although less hard, is tougher than 
carborundum, and in many grinding operations the latter is, because of its 
‘riability, so rapidly reduced as to decrease its cutting action severely. (This 
ic one of the main reasons why emery is used in preference to carborundum 
for grinding glass). 

The illustrations of cast irons in particular are at too low a magnifica- 
tion to show how well the graphite has been retained and the edges of the 
matrix kept sharp. Similar criticism might be made of other preparations. 

Written Discussion: By Fred M. Arnold, metallurgist, Kobe, Inc., 
Huntington Park, California. 

For the past four years we have been conducting an extensive program of 
testing a considerable number of alloys for their resistance to wear. Our 
method of preparing the test pieces, conducting the wear tests, and measuring 
the wear with some of the results obtained, was the subject of a paper entitled 
“Frictional Wear of Lubricated Surfaces,” published in TRANSACTIONS, Amer- 
ican Society for Metals, Vol. 26, 1938. 

The method worked out for preparing the wear test blocks is based on 
lapping them in a manner similar to the method described by Messrs. Ellinger 
and Acken in this paper. 

Practically all our samples were hard wear resisting alloys. To prepare 
the test blocks it was necessary to lap them to within about half a wave length 
of being optically flat and to obtain a good polish. This was to produce a 
surface which could be reproduced on every new test block and one on which 
the slight amount of wear occurring in twenty-four hours could be measured 
with an optical test plane. 

It was sufficient in our case: to use the cast iron lap directly, charging it 
with lapping compounds and rubbing the test blocks on the surface by hand. 
Rectangular cast iron blocks 9x12 inches were planed flat and scored every 
2 inch with ¥yxvYs inch grooves in a manner to produce a lap which would 
iunction similar to the cast iron lap shown on page 384. 

In polishing our hard blocks we go directly from a fine grinding wheel 
onto a lap charged with 800-grain crystolon. About five to ten minutes are 
required to free the surface from grinding marks. Benzol is used to promote 
rapid cutting and very little abrasive is used. After the 800-grain lap a fin- 
ishing lap lightly charged with 900-grain crystolon is used. A surface flat to 
within two light bands can be obtained by hand polishing in 20 minutes. 

In order to convey some idea of the finishes produced by these steps, we 
ared photomicrographs of the surfaces at x 50 magnification. These are 
shown in Fig. 1. The photomicrograph on the top shows the final finish 
tained on a cast iron lap charged with 900-grain crystolon. The center photo- 
micrograph shows the finish obtained with 800-grain crystolon. The lower 
Photomics staph is obtained by fine grinding with a 36T22 Aloxite cup wheel. 
4 We were also able to obtain profilographs of these surfaces made through 
he court of W. G. Hildorf of the Timken Roller Bearing Company. These 
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Fig. 1—Micrographs at x 50 of Finishes on Text Blocks. 
Top, Finish Obtained by Lapping with 900-Grain Crystolon. 
Center, Semi-Finished Surface Lapped with 800-Grain Crystolon. 
Bottom, Original Finish as Ground with 36T22 Aloxite Wheel. 
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are reproduced in Fig. 2. The vertical movement of the tracer point is about 


100 times greater than the horizontal displacement. The exact scales are drawn 
on the traces. 

The same three stages of finish are represented as noted beside the traces. 
This shows very clearly the excellence of the final finish. The bottom trace 
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Fig. 2—Profilographs of Four Types of Surfaces. 






Fig. 3—Lapped Test Block 
Showing Refraction Patterns. The 
Pattern on the Left is Due to an 
Air Film Between the Blocks. At 
the Right the Test Plane is in 
Contact with the Test Block. 















is the result of less careful grinding. Even this surface can be lapped flat on 
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The degree of flatness obtained by this hand lapping method is illustrated 
'y Fig. 3, which shows photographs of refraction fringes, occurring between 
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in such excellent condition for final polishing, that it becomes a great time 
saver and metallographers will appreciate Mr. Ellinger’s and Mr. Acken’: 
efforts and their consideration in bringing the method to our attention. 

Written Discussion: By J. W. Freeman and R. Schneidewind, depart. 
ment of engineering research, University of Michigan, Ann Arbor, Mich 

The authors are to be congratulated for presenting an excellent paper 
describing a new method of preparing metallographic samples. The initial steps 
generally used in the preparation of metallographic specimens are both tin 
consuming and unsatisfactory, especially when the proper care and _ technique 
are not used. A good preparation for final polishing is not only essential for 
satisfactory results, but also saves time. 

We cannot discuss the merits of this method on the basis of experienc: 
with it; but we can agree that the principle of using a fixed abrasive is sound 
The procedure under discussion seems to have special merit on the basis that jt 
can be applied to so many materials with the excellent results illustrated. 

Our experience has shown that bonded abrasives similar to those used by 
electroplaters have been successful in giving a rapid polish with results simila: 
to those obtained by the authors on graphite in cast iron and inclusions in steel 
The success of our method is undoubtedly due to the abrasive being “fixed” i 
the wax cake built up on the cloth-covered polishing disks. 

It is interesting to note that the two polishing procedures mentioned her 
have been adopted from industrial polishing methods. Fixed abrasives hav 
been found superior to loose powders for industrial polishing and it seems 
unusual that metallographers have not applied the method more generally. 

We have had some experience with the use of diamond laps such as us 
in polishing commercial and gem stones in the course of work done on har 
metals. We had diamonds embedded in a matrix of a metal whose Rockwell | 
hardness was 82. It was desired to polish this material as well as various 
tungsten carbide alloys in order to determine the closeness of the bond betwee 
stones and metals. Ordinary polishing methods failed due to the presence | 
the stones. The diamond lap was able to polish both metal and stones in on 
polishing operation with a finish such that practically scratch-free surface was 
exposed at 1000 diameters. In polishing these same metals without the stones 
considerable difficulty was encountered with the usual methods due to chattering 


on the grindstone and extremely slow polishing. The diamond lap polished 


satisfactorily in this case, also. 


The lap consisted of a revolving disk of cast iron. No lines were scor 


on the surfaces. The abrasive was diamond dust mixed with vehicle such 
turpentine and was applied by means of the end of a match stick. The diamon¢ 
powder became embedded in the graphite pores of the cast iron. For softe! 
material it is very likely that carborundum or similar dust could be used 
place of the diamond dust. 


Written Discussion: By A. B. Wilder, assistant professor o! meta 


lurgical engineering, University of Illinois, Urbana, III. 


The authors of this paper have presented valuable results for those mtet 
ested in the preparation of specimens. The composition of a lapping disk 's ¢ 


factor of considerable importance and it would be of interest to know 
advantages of a lead-tin disk compared to lead or wax. 
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The metallurgist should have available a satisfactory automatic polishing 
machine so that this stage of metallurgical practice could be placed upon a 
sound scientific basis. It would be of interest to have the comments of Messrs. 
Ellinger and Acken upon the application of their method of polishing to the 
automatic polishing machine. 

The variables in photography should be eliminated as well as those in 
polishing. It is possible that a satisfactory exposure meter would contribute 
toward a scientific method for photographing metallurgical specimens. The 
‘industrial laboratory as well as the academic laboratory could profit a great 
deal by improved methods of manipulation. 








Oral Discussion 


E.G. Mauin:’ I suppose that the preparation of metallographic specimens 
will be discussed to the end of time. It is well known among metallographists 
that one man can devise details of a method whereby he obtains beautiful results 
and another man using the same method would not be able to obtain the same 
results. The human element enters into this very strongly. 

I. A. Ronric:® In the metallography directly connected with the examina- 
tion of specimens used in steam power-plant work, we often have occasion to 
examine intergranular cracks. Frequently these are angular voids running at 
random orientation down through the metallographic aggregates. It is im- 
portant to preserve all corners and edges to accurately see the path of inter- 
granular cracks. They are very important in steam power-plant work. We 
find that we can very easily preserve those surfaces by following Mr. Vilella’s 
suggestion of using the emery papers and finally glazing the 000 emery paper 
with graphite and then going directly to a cloth lap, using alumina. 

[ would like to ask the gentleman from the National Bureau of Standards 

his procedure accurately preserves those voids and, at the same time, affords 
.ccurate examination of the phenomena, such as strain lines often accompanying 
the strained crystals in these cracks. 

W. A. ScHUMACHER:* I would like to ask the authors if their method is 
laster than my present method in speed and duplication of results. In the 
polishing of wire specimens embedded perpendicularly in bakelite, my present 
method entails the use of a coarse-grained roughing wheel, No. 280 C Trimite 
alumina oxided paper, No. 400 C Trimite alumina oxided paper, No. 000 emery 
paper and No. 0000 emery paper in the so-named order. From thence I go 
to the conventional levigated alumina wheel. 

| am wondering whether or not this method of using lead-tin laps will 
duplicate my results, and if so the number of individual lap steps necessary. 

| would also like to know where the lead-tin laps may be purchased. 

_ E.G. Manin: How long do you suppose that metallographic polishing 
will be an art? We like to say that metallurgy is among the oldest of arts but 


thea no c 2 : ' 7 1 i 
v€ youngest of sciences. I wonder if the preparation of metallographic speci- 
mens 1s always going to remain an art. 
a ‘essor of metallurgy, University of Notre Dame, Notre Dame, Ind. 
cnenes  metallurgist, Detroit Edison Co., Detroit. 
Sse 


metallurgist, Wm. D. Gibson Co., Chicago. 



































































































































































































































































































































TRANSACTIONS OF THE A. S. M. 
Authors’ Reply 


The authors appreciate the interest shown by those offering discussions 
of the paper. Obviously, in offering a method which differs somewhat 
detail from those generally used, some confusion in application generally arise: 
There are several points of interest which we wish to cover at this time. 

Professor Mahin states that carborundum is more friable than emery and 
therefore breaks up more readily, losing cutting efficiency rapidly. It may he 
true that synthetic emery is tougher and not as hard as carborundum but it ;: 
our understanding that natural emery is somewhat harder and also more friab}; 
than carborundum. Consequently the natural emery is broken up in th 
lapping process, producing smaller and more uniform scratches than either 
carborundum or synthetic emery. 

It has been impossible, of course, to test all of the abrasives which ar 
obtainable today. Undoubtedly there are others which may be as satisfactor 
as those which are used in our work. 

Water was used as a suspending medium for the abrasive because it was 
found to be satisfactory and always available. Other inert media such a 
kerosene and benzol were tried with results practically the same as with water 

The use of the cast iron plate for lapping specimens directly was found t many 
yield unsatisfactory results for metallographic polishing. The surface of th openes 
specimen was scoured and contained scratches which were not uniform 
depth. For this reason we use the cast iron plates only to charge the lead-ti ! | 
disks. gammi 


In answer to Professor Wilder’s question concerning the advantages 0! y the 


benefit 


the lead-tin disk as compared with lead or wax, we have tried neither and t1 
Paraffin disks have been tried with but little success since they are soft and te! whole, 
to become uneven after the first few passes. Lead-tin is somewhat harder tha! marten 
lead and offers greater resistance to flow, at the same time being soft enough t 
permit embedding the abrasive. 

All of the lapping done at this Bureau has been done by hand, but we ca! to rad 
see no reason for not adapting the method for automatic polishing. metall1 

In line with Professor Wilder’s suggestion that an exposure meter woul tound 
assist greatly in photographing metallurgical specimens, we have realized tor f 
some time that it is extremely difficult to record the relatively small amounts 
of light reaching the photographic film by means of the meters available. ' 
the present time we are working on the development of such a meter wh" substai 
we hope will be useful in this field. concen 

From experience we can assure Mr. Rohrig that the edges of cracks ma on ato 
be retained with perfect sharpness. In addition we recently have had occasi0" 
to study intergranular penetration of steel by molten zinc and have had ! 
difficulty in retaining the zinc at the grain boundaries of the steel. 

Mr. Schumacher’s method is one similar to some of those which hav! 
been used at this Bureau. We believe that we can prepare specimens taster 
using the laps, but speed is not always the prime requisite. Quality of surlac 
is generally of more importance than speed of polishing. 
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POSSIBLE USES OF RADIOACTIVE SUBSTANCES 
IN THE TESTING OF METALS 


SCUSSIONS 
‘what it By HERMAN F. KAISER 
ly arises 
= 

nery and Abstract 
t may bh 
but it is 


Radioactive substances, in the capacity of indicators, 
re friable 


have found much use in several fields of research. This 
paper represents an attempt to estimate the possibilities 
and also the limitations in the use of radioactive indi- 
cator substances in the detection of defects in metallic 
materials and parts. Some preliminary experiments in 


D am the 
an either 


vhich are 


tisfactor) this direction are described. 
= ADIOACTIVITY has furnished a powerful tool to the research 
such as ' . ; : . ‘ “oF 
worker in medical and biological fields and by its applications 


ith water 


found t many new lines of research previously thought impossible have been 
ce of t opened up. In the metallurgical field, also, the research worker has 
niform i benefited to some extent, for example, by the introduction of the 
_— gamma ray technique (1) (2)' for the inspection of castings, and 
oii by the use of radioactive substances in studies (3) (4) on diffusion 
1 neither and transformation processes in certain alloy systems. On the 
+ and ter whole, however, the use of radioactive materials has not become as 
urder thai 


marked in metallurgical research as in biological research because of 


enough , ; i ; ; 
certain experimental conditions such as the great opacity of metals 


ae to radiation and the relative slowness of the kinetic processes in 
inetallic systems as compared to the much more favorable conditions 
ter would ound in organic materials and systems. 


alized tor ° . . . ° ° . e 
aoe In spite of these limitations, radioactive materials should find 
‘| amounts 























lable. AI considerable use in metallurgical research. The use of radioactive 
HAavic, 2 
ter whic substances as indicators has certain unique features that no other 

conceivable method of indication can have. The indication depends 
racks mal on atomic, or better said, on nuclear properties which are quite in- 

occasion | ‘ e ° ° e 
d ' : dependent of temperature, pressure, state of chemical combination, 
ve vad 0 
Published by the permission of the U. S. Navy Department. 

hich have 
ch he figures appearing in parentheses refer to the bibliography appended to this paper. 
wns faster 
of surface A paper presented before the Twentieth Annual Convention of the Society 


held in Detroit, October 17 to 21, 1938. The author, Herman F. Kaiser, is a 
member the staff of the Division of Physical Metallurgy, U. S. Naval 
esearch Laboratory, Washington, D. C. Manuscript received June 24, 1938. 
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and so forth. Furthermore, the radiations from radioactive atom: 
include very penetrating kinds of radiation so that their presene 
can be detected at a distance in places unseen and often inaccessible 
to physical inspection. 

It is not the purpose of this paper to discuss all the uses that 
have been made of radioactivity in metallurgical research but rather 
to discuss its possible application in the practical problem of detect. 
ing defects in metallic materials and parts. While it is obvious that. 
given a piece of metal which contains defects on the surface or in 
the interior, it should be possible to reveal the presence and possibly 
also the magnitude of these defects if means can be found for in- 
troducing radioactive material in sufficient quantity into these defec 
tive places. This scheme depends for its success on certain factors 
which will be discussed at length below. These principal factors are 
(a) the means employed for introducing radioactive material into 
the defective localities; (b) the properties and availability of the 
radioactive material, and (c) the means employed for the detection 
of this radioactive material once it has been introduced into the metal 
part. 

REVIEW OF Factors INVOLVED 


Assuming that suitable radioactive substances are available, the 
factor of prime importance is the technique for introducing this 
radioactive material into the faulty places in the metal. If our 
radioactive material is in a gaseous state it will pass by itself into 
surface openings in the metal piece and if the temperature of the 
metal is sufficiently high, it may even pass through the channels 
between the atoms of the crystal lattice by atomic diffusion. In this 
way it is quite possible, given enough time, to introduce radioactiv 
atoms into any interior cavity or fault in the metal piece. While 
this is optimistic in principle the fact that diffusion processes ar 
slow and that perhaps even elevated temperatures are required @ 
once puts a serious restriction on the practical application of this 
quite general method. Thus it is necessary to conclude that fo 
work at ordinary temperatures the method is limited to surface 
defects or defects that have access to the surface. This, however 
is not too discouraging when we remember that many serious defects 
leading to failure arise at the surface of the metal part. 

In the above it was assumed that the radioactive atoms We" 
in a gaseous state. At elevated temperatures this is the stable stalt 
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of most substances but at ordinary temperatures only a number of 
substances are in this condition. Fortunately this class includes 
some of the natural radioactive elements such as radon and thoron 
so that it will always be possible to have a gaseous radio element for 
the purpose in hand. 

Gaseous radio elements, however, have short “half lives,” that 
is, decay quickly by transformation into other radio elements so 
that they are neither abundant nor inexpensive. Furthermore, if 
proper precautions are not taken they are dangerous materials to 
use. For these reasons it is necessary to discuss the possibility of 
substituting radioactive fluids for radioactive gases with the gained 
advantage of obtaining much higher concentrations of radioactive 
atoms. Various kinds of solutions of radioactive material can be 
prepared: (a) aqueous solutions (many of the compounds of the 
radio elements are fairly soluble in water and the gaseous radio ele- 
ments dissolve according to Henry’s law) and (b) nonaqueous solu- 
tions of radioactive compounds or gases. 

The solubilities of the radioactive compounds in water are on 
the whole considerably better than those for organic solvents but 
water as a solvent has certain features objectionable for the present 
purpose. Its surface tension limits its penetration into fine pores 
and cracks. Means to solve this difficulty can perhaps be found. 
Secondly, metals in general have a tendency to react electrochem- 
cally with water giving objectionable corrosion or plating effects 
which can be avoided by using a testing fluid which does not react 
with the metal. 

While the solubilities of the inorganic radioactive compounds 
n organic solvents are not good there is reason to hope that organic 
fluids containing fairly good concentrations of radioactive substances 
can be produced by the organic chemist. The introduction of lead 
into gasolene illustrates what may be done with metallo-organic 
compounds. Oils, especially light oils of the “penetrating” type, 
would seem to be desirable carriers of radioactive material. 

Finally in this discussion on the technique of introducing radio- 
active material there is yet to be mentioned a third possibility. This 
s the use of viscous fluids in which the radioactive material is held 
‘4S a mechanical suspension. This type of fluid medium has the 
disadvantage that it is not free-flowing but it can be made to do so 
by the application of hydrostatic pressure. This method has a cer- 
‘ain advantage over the others mentioned in that a high concentra- 
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tion of radioactive material may be obtained. The disadvantage th, 
additional external apparatus is required to force such material jpty 
the cracks is not serious because hydraulic pressure apparatus 0; 
all kinds is in everyday use. Further on in this paper a specific 
example will be given of such a technique. 

Having discussed the various possible means whereby radi 
elements may be introduced into the defects in a metal part, the nex: 
topic to be discussed is the availability and suitability of the radio 
elements for this purpose. 

At the present time there are known to be about forty natura! 
radioactive elements including rubidium and potassium which ty 
are weakly radioactive. Excepting the last two, the radio elements 
are genetically related so that they may be grouped into three series 
called the uranium, actinium, and thorium series. In each of these th 
radio elements are formed by successive transformations from ; 
parent substance. These substances are two isotopes of uranium and 
the element thorium. 

During the past few years research in radioactivity and nuclear 
physics has shown (5) that practically all of the stable element: 
can be made artificially radioactive by bombardment with ions ac- 
celerated to great velocities in supervoltage (1 to 8 million volts 
discharge tubes or in the magnetic cyclotron. In the process | 
collision of an ion with a stable nucleus a radioactive isotope of that 
nucleus is formed. There are now known to be over 220 radi 
active isotopes covering the entire periodic table and some new 
isotopes with atomic numbers between 92 and 96. These radi 
active isotopes have half-lives ranging from a few seconds to severa 
years and can therefore be considered as potentially useful. [Th 
cost of producing these artificial radio elements is high at preset 
so they cannot be expected to become commercially available for 
some time to come. Therefore, in the following only the naturé 
radio elements will be considered as being immediately applicabl 
to the problem under discussion. 

The principal and best known radioactive elements are uraniu" 
radium, and thorium, from which, as mentioned above, a numbe! 
of other radioactive elements are formed by natural radioactive «ls 


integration. Uranium salts are weakly radioactive and serve mai!) 


as sources for preparing radium. Radium salt in pure form } ‘ 
powerful source of radioactive radiations but even at present '" 
quite expensive. Thorium, like uranium, is weakly radioactive bu 
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serves as the material for preparation of the powerful mesothorium. 
30th radium and mesothorium give off gaseous decomposition prod- 
ucts known as radon and thoron. The half-life of the former is 3.85 
days while that of the latter is only 54 seconds. For this reason 
only radon has found any commercial application. At present com- 
pounds of uranium, radium, thorium, and mesothorium as well as 
radon can be purchased. The 1937 Minerals Yearbook (6) states 
the price of sodium uranate as $1.25 per pound; of radium, as 
$20 to $35 per milligram of radium metal; of thorium nitrate, as 
$2.20 per pound; of mesothorium, as $35 per milligram of MsTh; 
and of radon, as $2.50 to $4.00 per millicurie (radon in equilibrium 
with one milligram of radium). 

Table I lists the radioactive elements of the uranium-radium 
series in their order of disintegration together with their most im- 
portant radioactive properties. From this table many facts of inter- 
est for this work may be derived. 

Since thorium is commercially available in quantity at fairly 
reasonable prices it may be well to see what it has to offer in the 
way of radioactive properties. A study of Table I shows that a 
mass of thorium salt old enough to have present and be in equilib- 
rium with all of its decay products will emit several kinds of radia- 
tion: a-particles, B-particles (electrons), and y-rays. The relative 
intensities of these radiations from the given mass will depend on 
the amounts present of the elements producing them so that for the 
present problem it is of importance to estimate, at least, what may 
be expected. The bulk of the given material is thorium. This 
gives off only a-particles of 2.58 centimeter range and gives off 
4.5 x 10° of these a second per gram. However, a gram of thorium 
in equilibrium with all of its decay products gives off 2.7 x 10* 
a-particles a second. (For comparison one gram of radium alone 
gives off 3.7 x 10% a-particles and in equilibrium 14.1 x 10 per 
second) (10). The amount of mesothorium in equilibrium with one 
gram of thorium has been found to be about 0.52 x 10-7 grams. The 
amount of mesothorium produced by one gram of thorium per year 
's around 3 micrograms per kilogram. In respect to a-particle radia- 


tion, however, mesothorium is 314 times as active, weight for weight, 
as radium. 


The comparison on the basis of gamma rays is more 
difficult, | 


ut it gives about the same figure, 300 to 500. Mesothorium 


's sold by a stated weight which is the weight of a gamma equivalent 
weight 


radium. The amounts of the other active products, which, 
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with the exception of RaTh, have short half-lives, present in op, 
gram of thorium, are also very small. Thoron, the gaseous emana- 
tion, decomposes into the solid ThA, giving the surface it condense 


















on induced radioactivity. 


Table I 
Uranium-Radium Series 








a-Ray 
Range in Abs. Coeff 
> Relative Wt. Air Cm. § and ¥ Rays 
Element Symbol At.Wt. Half Life in Equilib. Rays N.T.P. Cm.-! Al 
Uranium I UI 238.18 4.5 x10® yrs. 2.94x10® a 2.53 
Ionium Io 230 7.6 x10* yrs. 49 a OS ese. 
+ .. 1088: 22: 7 
Radium Ra 226 1580 yrs. 1.00 a 3.21 








Radon Rn 222 3.82 days 6.5 x10" a 3.9 
Radium A RaA 218 3.05 min. 3.54x10-8 a 4.50 (pereant.. 
Radium B RaB 214 26.8 min. 3.05x10-5 6 sees 890; 80; 


















































¥ *“* 

Radium C RaC 214 19.7. min. 2.25x10-8 a 3.6 
3 
A 

. * — = . y ecee 

Radium ( Ral 214 1.5 x10-8 sec. 5 x10- a 6.60 
Radium C” RaC” .32 min. 6 x10-8 8B 
y 
Radium D RaD 210 16 yrs. 9.4 x10-3 3 
. = = = ae ¥Y 
Radium E RaE 210 485 days 7.8 x10* {| 

+ ry 

Radium F RaF 210 136.5 days 2.19x10~* a Lee. <> Caer 

(Polonium) y 
Radium G RaG 206 IRS pe Eo pe . 


(U. Lead) 


This table is condensed from tables of St. Meyer and E. Schweidler, ‘‘Radioaktivitat 
B. G. Teubner, 1927. 









Thorium Series 

















Thorium Th 232.1 1.65x10 yrs. 2.6 x10® a 2.58 
Mesothorium[ MsThI 228 6.7 yrs. 1.00 B kied ei 
Mesothorium II MsThII 228 6.13 hrs. 1.05x10~4 B ‘es 40-2 
* ** 
Radiothorium RaTh 228 1.9 yrs. 0.28 a 3.67 
pb Smain / 
Thorium X ThxX 224 3.64 days 1.46x10-* a 4.13 
Thoron ThEm 220 54.5 sec. 2.48x10-7 a 4.74 
(Emanation) 
Thorium A ThA 216 0.14 sec. 6.24x10- a 5.39 
Thorium B ThB 212 10.6 hrs 1.67x10-* 







Thorium C ThC” 212 60 min. 1.6 x10" a 1.53 














Thorium C’ Thc 212 10-"! sec 10-% a 8.17 









Thorium C” ThC’ 208 3.2 min. 2.88x10-7 








Thorium D ThD 208 Stable 
(Th. Lead) 





+ 


Summarizing, the a-ray activity of thorium is about 10° 
10°* of that for radium, gram for gram, depending upon the amount 
of decay products present. The gamma ray activity is such that 
6.85 x 10° grams of thorium are gamma equivalent to one gral 
of radium while 19.0 x 10* grams of thorium has enough equilib: 
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rium mesothorium to be gamma equivalent to 1 gram of radium 
(7). Thus roundly, a gram of thorium is about equivalent in its 
radioactivity to a microgram of radium. 

A few words must be said about the uranium-radium series. 
From the table it may be seen that the amount of radium in equi- 
librium with one gram of uranium is about 3.4 x 10-7 grams (the 
usual Ra/U ratio). This appears to be much greater than the 
mesothorium/thorium ratio 1/2.6 x 10° = 3.84 x 10°° grams yet 
the radioactivity of uranium in equilibrium with its decay products 
is probably no greater than that of thorium when the figures of the 
preceding paragraph are recalled. From the data in the table it 
may also be deduced that one gram of radium produces 3.54 x 10*° 
a-particles or the same number of emanation atoms per second. 
The amount of radium emanation in equilibrium with one gram of 
radium can be shown to be 0.66 cubic millimeters (normal tem- 
perature and pressure conditions) corresponding to a weight of 
6.5 x 10°° grams for a monatomic gas of atomic weight 222. This 
emanation decays into further disintegrating products noteworthy 
among which is RaC from which powerful gamma rays are emitted. 

The above description and discussion of the natural radioactive 
elements does not pretend to be complete and is given only to illus- 
trate what properties the natural radioactive elements have to offer 
tor this and similar technical problems. 

The final point to be taken up in this review is that dealing with 
the detection of radioactive material once it has been introduced 
into a crack or void in the metal. The methods available are of two 
types: (a) photographic and (b) electrical methods. The advan- 
tages and disadvantages of each class will be discussed in turn. 


PHOTOGRAPHIC METHODS 








The photographic plate has often been used as a means of 
measuring radiant energy and when properly used can yield results 
ol precise value. Its advantages are that it is inherently quite sensi- 
‘lve and also that it integrates the radiation incident upon it mak- 


Ing possib 


le the detection and measurement of very weak sources. 







To form an idea of the effectiveness of the photographic method 
ome figures due to H. Przibram (8) are given in Table II. 
Table Il compares the photographic action of a, 8, y, and light 
‘ays in terms of the energy required to bring about changes in the 
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photographic negative. These figures show that from ten to a hyp. 
dred times more energy per square centimeter is required for the ¢e. 
tection of radioactive radiations than for ordinary light, but there ar. 
good reasons for this. For instance an a-particle may strike at mos 
four or five silver bromide grains in the emulsion before its energ, 
is absorbed by the gelatin. The figures above indicate reasonab} 


Table Il 
Sensitivity of the Photographic Plate to Different Kinds of Radiation 


—_——-a-Rays————_, Sand y-Rays 
Particles Energy Energy 
Nature of Action per Cm.? Ergs/Cm.? Ergs/Cm.* 
Photographic threshold .7-3.5x108 5.7-29 Fiie-4 
Satisfactory blackening 2.4x10 2 x10 1010 
Incipient overexposure 8 x10 6.6x 10° 1910 
Complete overexposure 2.6x10 2.1x107 
Negative reversal 4.7x10" 3.9x107 


sensitivity for a-particle detection. Photographic detection of 
single a-particle is possible but the negative must be examined }) 
microscope to find the streak produced by the a-particle. Th 
threshold number (10°/cm.*) allows detection of fairly minut 
quantities of radioactive material if reasonable time for exposur 
is available. For a specific illustration, if one gram of thoriun 
gives off 10* a-particles per second, a microgram will give 10° par- 
ticles per second or only one in a hundred seconds. Suppose, how- 
ever, that all the particles from this minute amount pass into | 
square millimeter of photographic film for ten days, or about 8&6 x 
10° seconds. The number of particles emitted is 8.6 x 10® and their 
tiumber per square centimeter 0.86 x 10°, which is just on the liste 
threshold value. Granting that the figures are correct, such sma 
amounts as one millionth of a gram of weakly radioactive materi 
are photographically detectable due to their a-rays. If the radioacti 
material is carried in water or oil in such concentration that ther 
are 100 mg./cm.*, the volume occupied by the radioactive mater) 
one microgram in weight, is 10-°cm.* or 0.01 cubic millimeter. Th» 
is about the volume of a fissure 0.01 millimeter wide, 1 millimete! 
long, and 1 millimeter deep, a crack of the type sometimes appear!" 
between grains in photomicrographs. 7 
In the above it was assumed that all of the a-particles emit 
by a given weight of the radioactive material could reach the phot 


graphic film. This condition, of course, is not realized for sev 


~=* . . . ] 1, ai*- 
reasons. First, the a-particles are given off at random in ll cirec 
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tions of space so that even if the photographic film is in direct con- 
tact with a source spread out in an infinitely thin sheet, only half of 
the radiation emitted can possibly pass into the film. Second, the 
a-particles and electrons are decidedly limited by even very thin 
layers of obstructions so’ that in a crack the particles ejected in deep 
lying material do not have any effect whatever, being stopped almost 
where they originate. Of course, this does not hold for gamma 
rays and very fast electrons but there again the effect on the photo- 
graphic film 1s decidedly less than for a-particles. 

On the other hand the absolute sensitivity of modern photo- 
craphic film is far greater than is to be believed from the above 
work of H. Przibram. More recently G. L. Locher (9) has made 
a determination of the absolute sensitivity of Eastman Duplitized 
\-ray film for the Ka X-radiation from zirconium (mean wave- 
length 0.7857 A) by means of the Geiger-Miiller counter. He found 
that the minimum exposure of X-ray film for detectable blackening 
is about 0.72 x 10° quanta per square centimeter. Converting this to 
energy per square centimeter by means of the quantum relation E 

hy, we have 1.814 x 10°* ergs/cm.*, which is less by factors of 
ten to a thousand than the threshold values quoted in Table II. Of 
course, this value is for one particular kind of radiation and we do 
not know how the absolute sensitivity of X-ray film will change with 
wavelength and nature of the radiation. 

It is not likely that the full theoretical capability of the photo- 
graphic detection method can be realized in practice for the reasons 
given above, yet even if the method is less sensitive by a factor of 
a hundred less than estimated the method should still suffice to show 
up cracks of macroscopic size such as are revealed in magnetic pow- 
der methods. 


ELECTRICAL METHODS FOR DETECTING AND MEASURING 
RADIOACTIVITY 


Another method of detecting and measuring small amounts of 


radioactive substances is the electrical ionization method. . This has 
certain advantages over the photographic method and it can perhaps 
be developed to the point where its absolute sensitivity is equal to 
‘T greater than that of the latter and the operating time require- 
nents will be smaller. The electrical method is based on measure- 


nent ot the amount of ionization of the atorns or molecules of air 
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or other gas through which the radiation passes. The ionization o{ 
the gas allows the passage of an electric current between ele. 
trodes placed in the ionized gas and the magnitude of this joniz. 
tion current is thus a measure of the intensity of the radiation pro- 
ducing the ionization. Early workers measured the ionization }y 


,¥ 


means of an electroscope since its rate of discharge measures the 
ionization leakage current. Modern methods of greater sensitivity 


employ ionization chambers which are essentially gas-filled cham. 
bers containing a pair of electrodes kept at some high, steady poten. 
tial (usually 500 to 2000 volts). lonization produced in the chamber 
causes a current to flow between the electrodes, which is measured 
by some sensitive device such as an electrometer or vacuum tub 
circuit. Apparatus of this type possess high sensitivity and is cap- 
able of recording the ionization produced by a single a-partici 
Since one gram of thorium gives off about 10* a-particles per sec- 
ond a microgram will give off one particle in 100 seconds on th 
average, which is too little for certainty because momentary increas 
in the ionization current due to spurious causes as well as to o- 
particles may occur. If radium, which emits 3.7 x 10” a-particles 
per second is used, a thousandth of a microgram will give off about 
thirty a-particles per second, which should be easily and definite) 
detectable by electric methods. 

Since it is known that one a-particle generates 2.2 x 10° io 
pairs it is easy to estimate the ionization current due to a gram \ 
radium. Since radium emits 3.7 x 10" a-particles per second, the 
total number of ion pairs produced is 3.7 x 10° x 2.2 x 10° = 
8.14 x 10*°. If each ion carries one electronic charge (4.77 x 10 
e.s.u.), the ion current or charge generated per second is 8.14 x 4.// 
x 10° — 3.88 x 10° e.s.u. per second. Since one ampere-second 
coulomb is 3 x 10° e.s.u., the current in ordinary amperes is 1.2’ 
x 10-* amperes. The ionization current due to the a-particles of one 
microgram of radium is thus 1.29 x 10° amperes. Modern elec- 
trometer valve and galvanometer circuits can detect currents of 10 
to 10-** amperes. However, it is possible, by means of a high p' 
tential, to utilize the small amount of ionization caused by a sing! 
a-particle: 2.2 x 10° x 4.77 x 10% = 1.05 x 10+ es.u. = 0.53) 
10-** coulombs to cause still more ionization and thus build up ¢ 
heavy discharge which, once started, would continue indefinitely un 
less means for immediately ending it are provided. The Geiger - 
Geiger-Miiller counters work on this principle. Thanks to reseat 
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in radioactivity the Geiger-Miiller counter has become a useful 
and sensitive device. Essentially it consists of a pair of electrodes 
a metal cylinder and fine wire placed along the cylinder axis 

usually mounted in a glass tube containing some gas or even air 
at several centimeters pressure. A potential of several hundred to 
a thousand volts is applied through a high resistance, the wire being 
made the anode. An ionizing particle or quantum passing through 
the space between the electrodes may set up a momentary discharge 
which is quenched by the high resistance in series with the voltage 
supply. The pulse due to the discharge is communicated to the 
orid of a vacuum tube which amplifies it and passes it on to still 
more vacuum tubes as the need for amplification dictates. Although 
the Geiger-Muller counter is potentially capable of detecting the 
presence of a single ionizing particle or quantum of radiation actual 
counters are not 100 per cent efficient and sometimes record only a 
small fraction of the number of quanta passing through. Even this 
is high sensitivity and makes possible the detection of extremely 
small amounts of radioactive material and therefore also quite small 
defects. 

The need for a Geiger-Miuller apparatus suitable for field and 
routine work has led to the development of compact apparatus 
which is completely portable. A desirable accessory is a vacuum 
tube meter for indicating directly the average rate at which the 
pulses in the Geiger-Muller counter are being produced. Fig. 1 
shows the completely portable outfit consisting of a sensitive Geiger- 
Muller apparatus designed by Dr. G. L. Locher and a simplified 
counting rate meter, designed by the writer, which gives a direct 
indication of counting rates as low as 20 per minute. 

A point that has not been stated explicitly in the above dis- 
cussion is that the effectiveness of a given radioactive substance is 
greater the shorter its half-life, that is, the greater its disintegration 
constant A == 0.693/T where T is the half-life in seconds. The num- 
ber of disintegrations per second is always given by the funda- 


dN 
inental relation — == — A N where N is the number of radioactive 
dt 
This relation allows one to compute the number of 
particles emitted per second when the number of radioac- 
tive atoms is known. For an example we may return to the prob- 
lem of e imating the radiations emitted from the radioactive atoms 


atoms present. 
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contained in a crack having a volume of 0.01 cubic millimeters. This 
volume, it will be assumed, is completely filled with a radioactive 
fuid containing O.1 milligram per cubic centimeter and thus will 
contain 10°° grams of radioactive material. If this is radium, 10~° 
10-° 
rams will contain———x 6.06 x 10** = 2.68 x 10'* atoms and since 
226 
the disintegration constant A = 1.30 x 10°"! there will be 1.30 x 2.68 
x 10 = 35 disintegrations per second. Assuming that each disin- 
tegration is associated with the emission of a quantum of gamma 
radiation (as will be the case when radium is in equilibrium with its 
decay products ) and also that only 0.1 of the quanta emitted will 
enter the counter tube this still leaves the appreciable number of 3.5 
quanta per second or 210 per minute, which should be detectable 
even with a counter that is only 10 per cent efficient. 
Finally, let an estimate be made of the effectiveness of the elec- 
tric method when the crack of 0.01 cubic millimeter volume is filled 
with radon under normal temperature and pressure. The number of 


atoms contained will be - — - 2.41 x 10". 


(he disintegration constant for radon is A = 2.085 x 10°, so the 
number of disintegrations per second will be 2.71 x 2.085 x 10° or 
5.65 x 108. 

While this is an astonishing number of quanta to expect from 
30 minute an amount of radioactive material it must be remembered 
that such an amount of radon represents the amount of radon in 
equilibrium with an appreciable and expensive amount of radium. 
Since 0.66 cubic millimeter of radon (N.T.P.) is in equilibrium with 
one gram of radium the above amount of radon is that which is in 
equilibrium with 0.01/.66 x 1000, or 15.2 milligrams of radium. 

Nevertheless, the above figures excite the imagination with the 
possibilities they hold for the revelation of cracks and defects by 
means of radon, for even if, in the above example, the crack of 
UCI cubic millimeter volume is filled with air containing one atom of 
radon per million molecules of air the number of disintegrations per 
econd should still be of the order of several hundred per second. 

Before radon can be practically used for this purpose a num- 


Yer Of practical difficulties must be solved. Radon decomposes into 


Solid radioactive substances which are condensed on the surfaces of 
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objects, giving them an induced radioactivity. Therefore in any 
practical application, technique must be developed for removing these 
decomposition products from the surfaces of the test piece where 
they will mask the effect of any radioactive material which is intro. 
duced into the cracks. Furthermore it hardly need be said tha 
radon is very dangerous material to handle and a special technique 
must be developed to avoid completely the danger to the operator. 
Once such developments have been made there seems to be no reason 
why the radioactive method outlined and discussed in the preced- 
ing pages should not be capable of detecting almost any surface 
crack and possibly even internal defects in certain cases. 

This will conclude the discussion of the possibilities in the use 
of radioactive indicator substances for the testing of metals. The 
remaining part of this paper will be given to describing some pre- 
liminary experiments carried out by the writer, utilizing the com 
paratively cheap and safe radioactive element thorium. 


Ex PERIMENTAL 
Fluid Radioactive Sources 


Thorium is commercially available in. several compounds, the 
most common being the oxide ThO, and the nitrate Th(NO,) 
Unfortunately thoria, ThO,, is an insoluble material and the pro- 
duction of a fluid radioactive material from it is out of the ques- 
tion. Thorium nitrate, on the other hand, is quite soluble and ideal 
for making a concentrated aqueous solution. As mentioned before, 
water as a fluid vehicle possesses characteristics none too suited for 
the purpose in hand. Oil, especially a light oil of the penetrating 
type, would be the more desirable fluid. Some attempts to get 
thorium salts into oil directly were not successful. Two possible 
ways, however, are open: (a) by formation of a thorium soap which 
will dissolve readily in oil, and (b) by the formation of a thorium 
phenyl compound similar to the lead tetraethyl employed in gasoline. 
It was found possible to make a thorium soap by adding liquid soap 
to a thorium nitrate solution at about 50 degrees Cent.; the precip 
tate or thorium compound was filtered off and dried in an oven at low 
heat. The dried soap was divided into 2-gram samples ar numer 
ous experiments were carried out to find a suitable solvent for the 
soap. Out of some 22 organic solvents tried, the only ones ©! 
promise were linseed oil, castor oil, and butyl butyrate, the as 
being the best. It was found that the thorium soap so! tion i 
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butyl butyrate could then be diluted with a light mineral oil known 
as ultrasene. The other possibility, that of using metal phenyl com- 
pounds, was not investigated since no thorium phenyl compounds were 
listed in organic chemical catalogs. Some experiments were also 
carried out on thorium soap prepared from thoria by conversion to 
‘ts hydroxide and treated with hot solutions of stearic and oleic 
acids. The hydroxide was completely dissolved in the hot acid, but 
the stearic acid solution froze as expected on cooling. The solu- 
tions were tested for their solubility in light mineral oil (ultrasene) 
and it was found that only the oleic acid solution would remain 
clear on standing. 


Table Ill 


Material (1 Gram Sample) Mean Discharge Time! Notes 
hoeten GRY sc piald Wis soso bie b ae Behe Sele Be acts 8 l min. 5 sec. (old stock) 
hore a sc baw acesine es Sa ete aloha 3 min. 25 sec. 1 mo. after preparaticn 
horiitt eee oc a ibs es 6 woe ooo be HO 2 min. 48 sec. 1 week after preparation 
Conc. solution of thorium hydroxide in stearic 
[Po Poke bs Ga Oar Os AE e OA ee se OS 44 min. 31 sec. Freshly prepared 

c. solution of thorium hydroxide in oleic acid 69 min. Freshly prepared 

Blegik GRRE nth came Sheep mas peeks 60550 ed thKe 104 min. 


Over the arbitrary 100 sec. U scale of instrument. 


The radioactivity of the various materials was tested by means 
of a good Kelvin electroscope of French make. The rate of dis- 
charge determines the activity of the sample. Table III gives the 
discharge times for certain radioactive materials worked on. The 
activity of the thorium soap seems to be fair as compared to thoria 
as a standard but that of the stearic and oleic acid solution rather 
poor. This may be expected for the weight concentration of thorium 
is probably less and the emission of a-particles is confined to the 
very outside surface layers. 


Inspection Tests with Fluid Sources 


A test of a radioactive oil for showing cracks in a shattered 
/2-inch zine plate was carried out. The oil solution was made up as 
tollows: 1.99 grams of the thorium soap as described above were 
dissolved in 20 ec. of hot butyl butyrate to which ultrasene oil was 
added until a solution was obtained which would remain clear when 
cooled to room temperature. With a total volume of 150 cc., the 
solution was clear and flowed freely when lukewarm. 

The piece of zine plate was placed in the warm radioactive oil 
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and left there about an hour. It was then removed from the 


oll 
and its surface rubbed dry, wiped with an alcohol sponge and finally 


rubbed dry again. This was done to make sure that the resy}s 
obtained would not be due to any surface radioactive contamina. 
tion. The piece was placed (in a dark room) in a light-tight can 
with pieces of Eastman X-ray film placed (a) bare on top of the 
piece and (b) below the piece covered by one thickness of white 
blotting paper. The arrangement, the test piece, and the films de- 
veloped after an exposure of one month are shown in Fig. 2. Cop- 
trary to expectations, the upper film shows only a large blackened 
area about the size of the test piece, no particular cracks being i1 
dicated, only their general presence. The lower film shows a simi- 
lar condition except for:the small triangular area due to the acci- 
dental presence of a small piece of film on the under side of the 
blotter. The manner of blackening of the films suggests that the 
oil does not remain in the cracks, but creeps out over the surfac 
of the test piece. In some respects this may be looked upon mor 
as an advantage than a disadvantage, especially in case only the 
presence and approximate location of a defect is desired since th 
fluid creeping out to the surface may act more effectively on the 
photographic material. Experiments like the above were also car- 
ried out, using water solutions of thorium nitrate but the results 
in general were no better than those obtained with oil. In one in- 
stance individual cracks were revealed but the surface effect gave a 
very dark background. 

Next, certain experiments were carried out to test the possi 
bility of using plastic vehicles in which radioactive material can be 
carried in suspended form and quite high concentration. Accord: 
ingly, finely ground thoria was mixed into petrolatum jelly in the 
proportion of 1 gram of ThO, per cc. of petrolatum. This thorium 
oxide grease was then introduced into the cracks in test pieces )) 
means of hydrostatic pressure. Fig. 3 shows a pressure bomb sutt- 
able for experimentation on small test pieces, the radioactive greas 
and the containers used for photography. The test specimens wer 
packed in the pressure cylinder with enough thoria grease to cover 
them completely, the cylinder was then closed and pressure applied 
from a cylinder of compressed air. A pressure of 1000 pounds 
per square inch was maintained in the bomb for several hours 
The test pieces were then removed and their external surfaces thor 
oughly cleaned with benzene, ether, and a dry cloth. Fig. 4 shows 
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ove! : 2—Test of the Use of Radioactive Oil on a Shattered Metal Piece. 


unds ¢ plece of round bronze bar stock treated in the above way, the 
ours method of applying the film and the resulting radiograph. Fig. 5 
thor- ‘loWs a piece of zinc plate containing fine cracks, which was treated 


hows y the above described method, together with the radiographs of the 
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surfaces. The films in Figs. 4 and 5 were not used bare as in som, 
previous experiments, but were wrapped in one thickness of black 
paper and were backed by lead. Exposures were for 6 days. 
From Fig. 5, certain interesting conclusions may be drawn, [py 
film (a) crack “i” is definitely indicated but not completely. Crack 


Fig. 3—Apparatus for Impregnating Test Pieces with Radioactive Gre 


“ii” about the same in length but much finer is not indicated. | 


leads one to believe that crack “ii” was not sufficiently supplied ! 
radioactive material. Film (b) gives further reason to believe thé 


this is the case. Cracks “i” and “ii” are well indicated by thic 
broad marks, but their continuations are represented only by ™ 
fuzzy spots. However, a fine hairlike crack V is indicated and pe 
haps others too. All in all the results indicate that the method c! 
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ome show up quite fine cracks but that some are missed for reasons to 
lack be determined. 
Possible reasons that may be advanced are (a) the distribution 
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d wit! tig. 4—Cracked Bronze Bar Stock and Auto-Radiograph of Cracks. 
ve that 

hi nt — = ° . ° °° . . 
y | t the active material in the grease is not uniform, (b) the particle 
= tv Gy . £4 id ‘ ae ° 
by ze of the active material might not be small enough to insure 
ad pe Ry : 
i : | Penetration into very fine cracks, (c) the film may not have been in 
10d Cal close e 


ugh contact to register the extremely feeble radiation from 














422 TRANSACTIONS OF THE A. S. M. June 


a minute crack, (d) the grease may not have been forced into g 
very fine crack at all. 

In view of the encouraging results obtained, more work was 
undertaken attempting to improve the above described method. It js 





Fig. 5—Zinc Plate with Cracks and Auto-Radiographs. 


beyond the scope and intention of this paper to describe all the ex- 


periments performed and contemplated in this connection, but the re 


sults obtained in one or two directions will be described before con- 


cluding this paper. 


To study more quantitatively the effectiveness of the penetra 
tion of the thoriated grease into cracks, some artificial crack blocks 


were constructed. These are shown in Fig. 6. In Fig. 7 are show! 


: ' : é . i ann 
radiographs obtained with them. By means of shims, the crack 
may be made of any desired width. One of these artificial crac 
blocks was treated by the pressure grease method, using the | gral” 
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per cubic centimeter thoria grease used in the cases illustrated in 
Figs. 4 and 5. Another of these blocks was treated using a grease 
of the same properties, but the thoria for which had first been ball- 
milled for several days and screened through 300 mesh screen to 
reduce the particle size of the thoria to a minimum. A third test 
block was treated with a grease made in still another way in which 
it is likely that the radioactive material is in colloidal form. Fifteen 





_ Fig. 6—Artificial Crack Blocks Containing Three Kinds of Radioactive Grease. No. 
. Ordinary Thoria Grease; No. 2. Ball-Milled Thoria Grease; No. 3. ‘‘Hydroxide”’ 


( ease 


grams of ThNO, were dissolved in water and converted to Th(OH), 
by precipitating with NH,OH. The soft colloidal precipitate was 
iltered out, partly dried and mixed with 75 grams of amber petro- 
iatum. The grease was warmed and mixed for a day at 50 degrees 
Lent. 

The three blocks were then compared by placing them together 
in one container, using an arrangement like that of Fig. 2 where 
one piece of film is placed bare on top of the test blocks and one 
piece covered with a single piece of black paper is placed below 
the block. The films were exposed for five days and then de- 





veloped according to standard technique after these had first been 
thoroughly washed with an alcohol sponge to remove any grease 
Irom the films. 


In Fig. 7 the upper photograph shows the bare film and the 
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lower the covered film. The effectiveness of the three kinds oj 
grease is best compared by the latter, which shows that while balj 
milling may have made some slight improvement in the effectiveness 
of the grease, the best results were obtained from the grease jy 


Crack Width 
in M ils 


10.0 
20.0 


5U.U 





2.0 





Fig. 7—-(Upper) The Bare Film. (Lower) The Covered Film. 


which the radioactive material is in a gelatinous or colloidal state. 
The actual concentration of thorium atoms in the “hydroxide” greas' 
is somewhat less than in the other cases by the ratio weigh 
ThO,/ThNO,, yet the effectiveness is decidedly better. 

Some further possible ways of improving the thoria greas 
method are: (a) addition of certain fluorescent materials to in- 
crease the photographic effect of the thoria grease on bare film and 
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(b) improvement by selection or special treatment of a _ photo- 
sraphic material, film, or plate. Without going into details, it can 
be said on the basis of experiments carried out and under way that 
a certain amount of improvement can be obtained by the use of 
such fluorescent materials as calcium tungstate and barium platino- 
cyanide and also that a comparison of ordinarily available photo- 
graphic material has indicated that Eastman Duplitized X-ray film 
is decidedly the best for this particular purpose. In view of the 
fact that an a-particle strikes only four or five silver bromide 
crains before its energy is absorbed in the gelatin, it is not unlikely 
that a photographic material still better suited to this purpose could 
be developed. Plates of the Schumann type containing a high den- 
sity of silver grains have not yet been tried by the author. 

The above lines of improvement are of minor importance for 
it is obvious that the greatest improvement will come through the 
employment of more powerful radioactive materials. Since encour- 
aging results have been obtained with such weak radioactive mate- 
rials as thorium compounds, it should certainly be possible to effect 
vast improvement by the use of more powerful materials such as 
radium and radon. Work in this direction is under way. 


CONCLUSION AND SUMMARY 


In the above there has been an attempt to evaluate as com- 
pletely as possible the possibilities in the use of radioactive mate- 
rial for the testing of metals for defects. Some disadvantages have 
been mentioned but not particularly stressed. In concluding it will 
be well to review certain objections that can be raised. 

Chief among these is that the method of testing proposed may 
be dangerous, especially when strong radioactive materials are used, 
partly because of the radiations emitted and partly because of pos- 
sible contact of the operator with the material itself. This danger 
is also partly present in the commercial radiography with radium but 
there it has been obviated and minimized by development of proper 
technique. 

Another is that the method may be too expensive to be prac- 
tical. From the quoted current prices of radioactive materials, it 
can be deduced that the necessary capital outlay for the testing of 
small metal parts will not be large. Furthermore, technique can be 
so developed that little or no radioactive material is wasted or lost. 

The most serious objection that can be raised against the de- 
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scribed method is that it is practically limited to surface defects 
which can always be detected by visual methods. This remark 
could also be advanced against the use of the magnetic powder 
method for many of the defects located by it can be seen if ap 
exacting scrutiny of the surface be made. While it is true that by 
suitable preparation of the surface any surface crack down to al- 
most submicroscopic dimensions can be seen, the attendant work 
usually makes such a procedure time consuming and impractical, 
Sometimes it even happens that a deceptive surface marking is be. 
lieved to be a crack. 


Other objections might also arise based on technical difficul- 
ties which can be solved as the method is developed. 
At the present time the proposed method of testing metal parts 


by radioactivity must be looked upon as a special method for r 
search and for practical cases where other methods can be applied 
only with difficulty or not at all. It is practically limited to detec 
tion of defects reaching the surface of a test piece but can reveal 
at least the presence of these faults even when they may be in ar 
inaccessible place in the object tested. A possible field for the ra 
dioactive method is the testing of small nonferrous parts of 
regular and complicated shapes. 


Summary 


The possibility of using radioactive indicator substances in th 
detection of faults in metallic materials and finished articles has 
been studied and in general the possibilities offered by the natura 
radioactive elements are found to be quite promising. Certain dis- 
advantages to be met are also discussed. 

An experimental method utilizing the comparatively cheap an¢ 
safe radio element thorium is described. It was found that water 
and oil solutions of the weakly radioactive thorium materials wer 
not very promising but by incorporating thoria in grease in high con- 
centration and applying this grease to a test specimen by means 0! 
hydraulic pressure enough radioactive material was introduced in" 
the surface cracks to allow their detection by photographic film 
placed upon the surface. | 

Additional work on improving this method is outlined ane 
briefly described. 
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DISCUSSION 


Written Discussion: By R. V. Lange, chief physicist, Radium Chemical 
Co., Inc., New York. 

Mr. Kaiser presents a highly interesting procedure in radiography. While 
the idea of incorporating radioactive substances in oil or water has previously 
been used, this is apparently a new application of such material. Therapeutic 
preparations of radon in isopropyl alcohol or in petrolatum have been used in 
the treatment of some skin conditions. One of the major obstacles is the rapid 
loss of radon when the preparations are unsealed. Four hours after opening, 
the radon has practically all escaped from the carrier, and the only radiation 
obtainable is that from the decay products laid down while the radon was in 
the oil or alcohol. The inhaling of the escaped radon must be avoided. 

We wish to point out, however, that extreme precaution must be exer- 
cised in making and using these preparations. Long deferred and unpredictable 
sequelae in the form of serious skin conditions have been known to result from 
contamination with even minute quantities of radioactive salves and solutions. 

One might suggest the possible substitution of a nonradioactive fluorescent 
material, such as zinc sulphide, activated by ultra violet light for the recording 
Ul Suriace cracks on photographic film. 
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Written Discussion: By A. V. de Forest, professor, Massachusetts 
Institute of Technology, Cambridge, Mass. 

This work is an interesting addition to the known schemes for detecting 
invisible cracks and may lead to important developments in this field.. Jp 
general, it operates on the old theory of the oil and whiting procedure in whict 
a solution is used which penetrates the crack and afterward the presence of the 
material in the crack is made visible. The limitation of the method comes 
about when the crack is too small to absorb the indicating liquid, or the amount 
of liquid exuded from the crack cannot be made evident by the sensitizing 
method used. The proposed use of radioactivity to locate the indicating fluid 
should provide great sensitivity. 

In the case of rough and unfinished surfaces, a further limitation occurs 
when the irregularities of the surface retain a sufficient amount of indicating 
liquid to confuse the distinction between a surface irregularity and a small 
crack. Where the base material is magnetic, the well-known Magnaflux test 
seems to be completely successful in this respect, but in the case of nonmagneti 
materials, further improvement in test methods is very much needed. 

Another interesting possibility is in process of development in which th 
metal is coated with a quick-drying brittle film of lacquer, and a strain, usuall: 
derived from an impact loading, is applied to the part. The strain concen- 
tration, due to the crack in the underlying metal, causes a crack to form in 
the brittle lacquer coat. This crack can be readily seen from the light reflected 
from the edges. It has been found that this method can be made far more sensi- 
tive than the oil and whiting, in that no penetration of material into the crack is 
required. This test is being developed by the Magnaflux Corporation in con- 
junction with the magnetic method for ferrous materials. 

There is certainly a great need for methods of locating small stress-raising 
cracks in many metal parts and any method which is useful in this field wil 
add to the safety of engineering structures. 

Written Discussion: 3y Gordon L. Locher, Bartol Research Founda- 
tion of the Franklin Institute, Swarthmore, Pa. 

There can be little doubt that the application of radioactive methods t 
the testing of metals will increase in scope, because of some fundamental char- 
acteristics of radioactivity, itself. The activity of any given radioactive ele- 
ment depends solely on the quantity of the element present,—being independ- 
ent of the state of physical or chemical combination, and unalterable by am) 
process that can ordinarily be applied to the specimen containing it. Mor 
over, exceedingly minute amounts of radioactive elements are detectable } 
their radioactive emissions; the detection and comparative measurement 0! 
their activities do not ordinarily necessitate any damage to, or alteration 0, 
the specimen in which the active material is contained. The recent decline ' 
the cost of radium, the probability that numerous artificially radioactive ele- 
ments will presently be available in usable quantities, and the development ©! 
unusually sensitive instruments for the detection and measurement of weak 
radioactivity, are practical factors that assure more extended applications 
methods such as Mr. Kaiser has developed. 

Mr. Kaiser’s interesting method of detecting fissures and holes that cot 
nect with the surface of a slab of metal will undoubtedly have important appl 
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ets cations. The observation, that fluid radioactive materials which have been 
forced into the fissures by gas pressure may subsequently come out again, 
ting increases the effective sensitivity of the method, since the weak radioactivity 
In available is most easily detected when the active material is on an exposed 
hic curface. One might, indeed, purposely drive out most of the occluded active 
the material, by the application of heat or vacuum, subsequently to the processes 
Mes of injection and surface cleaning. Furthermore, an approximate measure of 
ount the mean porosity of the metal specimen (without regard to the location or 
zing ind of fissure) could be found by collecting and measuring the activity of the 
fluid radioactive fluid which had first been injected into the specimen, and then 
expelled from it. It seems likely that at least part of the observed spontaneous 
curs emergence of the fluid material arises from the compression of gas trapped in 
ating the fissures and pockets of the specimen. If so, the injection of the fluid 
mall radioactive indicator could probably be facilitated by partial evacuation of the 
test metal, before the active fluid was applied under pressure. 
neti Choice of a method for detecting and measuring very weak radioactivity 
will naturally depend on such practical considerations as convenience and sim- 
1 the plicity of the method, as well as the sensitivity of the detector. The relative 
ual!) importance of these factors can only be evaluated for specific problems, upon 
ncen- consideration of the practical conditions under which the tests must be carried 
m in out. Thus, the photographic method is relatively simple, and has a high 
ected integrating sensitivity, if the time available for the test is long enough. The 
sens!- highest sensitivity for detecting radioactive B- and y-ray emissions is obtained 
ick is with Geiger-Muller counter instruments, such as the one shown in Fig. 1 of 
con- Mr. Kaiser’s paper. The high sensitivity of such an apparatus arises from the 


iact that it records individual ionizing particles that pass through its sensitive 
alsing region, and individual §8-particles liberated in the sensitive region by gamma- 


1 wil rays. In all other practical types of detector, more than one electronic particle 


(and usually many) must enter the sensitive region, in order that a detectable 


eead- current may be obtained. Moreover, a counter apparatus, whether stationary 
or portable, is always at its maximum sensitivity, whereas other types of 

ds t lonization-measuring instruments usually have to sacrifice sensitivity, when 

char- portability is required. 

e ele- The consideration of some of the advantages and disadvantages of Geiger- 

epend- Muller counters for the detection and measurement of weak radioactivity may 

y any be of interest here. The advantages include: 

More (1) The very high sensitivity and low inertia of a counter make possible 

ble by the rapid detection of extremely minute amounts of radioactive material. This, 

ent of in turn, diminishes the cost of the method, and minimizes the possible danger 

ion ol, of radioactive contamination of personnel.’ 

line 1 (<) A counter apparatus always operates at its maximum sensitivity, and 

ye ele- may be made in a portable form without any loss of sensitivity or dependability. 


ent 0 (0) Measurements made with a counter are quantitative; i.e., the readings 


weak obtained are directly proportional to the quantities of radiation falling on the 

ons sensitive region, provided that the “quality” of the radiation is the same 
‘throughout the measurements. 

it con: 


appli- “G. L. Locher and J. L. Weatherwax, Radiology, Vol. 27, 1936, p. 149-157. 
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(4) When extremely low intensities of radiation are to be measured. , 
counter apparatus may be used as an integrating instrument,—operating thy: 
for any desired length of time. When larger intensities of radiation are ayajj. 
able, the record may be given instantaneously, as with Mr. Kaiser’s rate meter 

(5) Counters may be made in a wide variety of forms, suitable for ¢h, 
detection of 8- and y-radiations of different amounts and penetrations. Som 
forms can also be made for detection of 4-particles. Possible disadvantages are 

(1) Since a counter apparatus is always operated at its full sensitivity 
it cannot be used, unshielded, for measuring high intensities of radiations 
This difficulty may be avoided, however, by changing the size of the counting 
tube to correspond to the intensity of radiation available, or by the use oj 
suitable shields and diaphragms for controlling the admission of radiation t 
the tube. 


(2) As with all other methods, except the photographic method, counter: 


are not readily suitable for mapping the fine details of distribution of radi 
activity in a very inhomogeneous source (such as a radioactive fluid in fin 
fissures and holes in a metal slab). One could, of course, use shields wit! 
very narrow apertures over the counter, but this would make the exploratio: 
of a surface slow. 

(3) Most Geiger-Miller counters are not suitable for the detection 


a-particles that are incident from outside the tube; and, in types that do admit 
a-particles, it is not always easy to distinguish these particles from §-particle: 


and y-ray recoil-electrons. For purposes of detection, such distinctions ar 
unnecessary. 

The §8-ray efficiency of a counter such as that shown in Fig. 1 is ver 
nearly 100 per cent, for 8-particles that have enough energy to penetrate th: 
wall of the tube (0.002 inch glass; air-equivalent of 15 to 18 cm., approx 
mately). The y-ray efficiency varies greatly with the wave length of 
radiation, and lies between 1 per cent and 10 per cent, for y-rays of radioactiv 
origin. The tube does not admit 4-particles. Typical responses of this typ 
of counter to very weak point-sources of thorium, uranium, and radium, ar 
as follows: 

Rate Due to 


1 mg. of 
Distance from Rate: Material at 
Nearest Wall Impulses 1 cm. Distance 
Source of Counter Per Min. (Computed) 
1.0 mg. Thorium 0.05 cm. 7.24 1.81 
1.0 mg. Uranium 0.5 cm. 28.82 7.20 
0.001 mg. Radium 50.0 cm. 34.1 > 8.53 x 10 


Since the “background counting rate” of this type of tube is about 5 impulse 
per minute, it is seen from the table that about 0.00014 milligram of radium, 


at 50 cm., gives a rate equal to the background rate. At $35 per milligran 
0.00014 mg. of radium is worth about one-half cent! At a distance of | cn 
less than 1/2500 of this amount is required to double the background rate. 

Written Discussion: By Charles S. Barrett, Metals Research Labora 
tory and Department of Metallurgy, Carnegie Institute of Technology, Pitts 
burgh. 


It would be well to compare directly the sensitivity of the methods 


developed in this paper with simpler ones in which cracks are revealed simp! 
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by the oil that seeps into cracks. A test that has been in use for some time, 
I believe, consists in filling the cracks with a thin oil, cleaning the surface and 
white-washing it, and then allowing the oil to flow out of the cracks by capil- 
lary attraction so as to make dark streaks on the white surface. The use of 
vacuum or a pressure chamber might add to the sensitivity of the test, and 
though it would also add to the complexity, the method would still be cheaper 
and easier to use than a radioactive grease method. 

Some recent experiences | have had with gamma rays in radiography 
show that photographic films may differ considerably in sensitivity to gamma 
rays even though they are of equal speed with X-rays. It would be important 
in studies like these to try all the available makes and styles of X-ray film, 
particularly the new Agfa Non-screen and Eastman No-screen films, if this 
as not yet been done. 


Author’s Reply 


| appreciate Dr. Lange’s remarks on the danger involved in the use of 
radon and radium and believe I have also pointed this out in my paper. The 
thorium grease preparations described, however, are so weakly radioactive that 
danger need be feared from temporary contact of the skin with the grease. 
Dr. Lange’s proposal to use fluorescent substances as crack indicators, while 
untested, seems to me to be up against the difficulty that in fine cracks the 
cross sectional area of fluorescent material will be so extremely small that the 
lim light that arises from the material will very likely escape notice. 
In reply to Professor de Forest, I first want to congratulate him on his 
varnish method for locating cracks, which appears to be quite applicable in 
many cases. The ideal methods in crack detection, of course, are those which 
lo not involve any special treatment of the test object, such as electromagnetic 
methods which in the course of time will be extended from magnetic to non- 
magnetic materials. Even electromagnetic methods will find limitations in 
their use, however, so that the art of defectoscopy will always rest on a variety 
| methods. 
There are two advantages possessed by the radioactive method that I did 
t point out in the oral presentation. The first of these is that filling a crack 
vith radioactive material of known strength provides a means of determining 
ilmost quantitatively the magnitude of this crack. Many methods indicate 
the presence of a crack, but very few can give even roughly the depth or 
magnitude of a crack. The second possible advantage is that the method 
promises a means for testing inaccessible places in a metal piece, for radioactive 
fluids can be run into these places and flushed out again, except for that ab- 
sorbed by the cracks present. 
Dr. Barrett’s suggestion that a direct comparison between the oil whiting 
test and the radioactive method be made is a good one, and awaits doing. 
Ufthand, it seems that the oil whiting test will be limited by the fact that 


‘certain amount of oil must come out of the crack to cause the least perceptible 
fackeni g, while the radioactive method depends mainly on the concentration 
Tt rad; = . . . . . . . 

‘ radioactive atoms in the oil or fluid which concentration can be arbitrarily 
altered 
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Several kinds of photographic films were tried, among them Superpa, 
Press, but nothing superior to Eastman X-ray Duplex for this sort of wor! 
was found. It is not likely that any better material may be found, except per. 
haps in plates of the Schumann type, where the density of silver granules ; 
increased greatly. 

I am glad to note that Dr. G. L. Locher shares my belief that radioactiy; 
substances will find increasing use in practical applications, and that he ha 
made several suggestions whereby the proposed method of testing may }; 
improved. As he has pointed out, the Geiger-Miller tube gives us a mean 
for quickly detecting and even measuring very minute amounts of radioacti) 
substances. The presence of a background counting rate due to cosmic radia 
tion and spurious causes is not a serious objection. If it were possible | 
develop a counter tube responding only to a-particles it could possibly be used 
in an instrument which would indicate not only the presence of a surface crac! 
containing radioactive material, but also its position. The writer has fow 


Miller tube will approximately locate a small crack containing a minut 
amount of radioactive material. 
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THE PRODUCTION OF FLAKES BY TREATING MOLTEN 
STEEL WITH HYDROGEN AND THE TIME OF COOLING 
NECESSARY TO PREVENT THEIR FORMATION 


By R. E. CRAMER AND E. C. Bast 


Abstract 


A brief review of recent literature on flakes in steel 
shows that many metallurgists are associating the develop- 
ment of flakes with the presence of hydrogen 1n the steel. 

One recent experiment is described in which large 
ingots of open-hearth steel were treated with hydrogen and 
“control specimens” rolled from these ingots developed 
many flakes. A system of experimentally slow cooling 
other specimens from the same bars gives information on 
the time of cooling necessary to prevent the formation of 
the flakes, and the temperature at which the flakes formed. 
Conclusions are drawn which would apply only to the bars 
used in this experiment. 


FLAKES PRODUCED WITH HYDROGEN 


Ht KES in steel were first produced experimentally about three 
years ago by treating molten steel with hydrogen as reported by 
Bennek, Schenck and Muller (1).1 This knowledge of a treatment 
which will produce flakes gives us a useful method of making steel 
to use in studying the rates of cooling necessary to prevent the forma- 
tion of flakes. In 1936 when a paper (2) was presented by one of 
the writers at the A.S.M. Convention there was considerable skepti- 
cism expressed as to whether hydrogen could be the chief cause of 
lakes in steel. Since that time a considerable number of articles in 
the literature have given more information on the development of 
lakes. Some of these will be briefly reviewed. 


‘The figures appearing in parentheses refer to the bibliography appended to this paper. 


_ ,_ A paper presented before the Twentieth Annual Convention of the Society 
neld in Detroit, October 17 to 21, 1938. Of the authors, R. E. Cramer is 
special research assistant professor in engineering materials and E. C. Bast is 
test assistant, engineering experiment station, University of Illinois, Urbana, 
‘linois. Manuscript received June 23, 1938. 
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BRIEF REVIEW OF RECENT LITERATURE 


Guichard, Clausmann and Billon (3) report that hydrogen form: 
water vapor with the oxides contained in steel thus developing enough 
pressure to form flakes. Schell (4) believes that shatter cracks jy 
heat treated steel form after the last reversal in internal stress which 
occurs during cooling nearly at room temperature. He recommend: 
repeated hardening as useful in studying shatter cracks. Maxwell 
(5) states that hydrogen causes embrittlement due to grain boundary 
attack. Drescher and Schafer (6) melted steel under hydrogen ani 
found it reduced the ductility of the finished steel. Ploum (7) ex 
plains how steel can dissolve atomic hydrogen. 

Bardenheuer and Keller (8) give information regarding hydro- 
gen causing steel to be hot-short and low in notch toughness. Delbar 
(9) classifies different grades of steels, which are likely to flak 
according to their cooling curves and points out the effect of the: 
mal strains and local heterogeneities in the formation of flakes 
Musatti and Reggiori (10) give reasons why flakes seek a zon 
intermediate between the surface and center of steel bars. 

Yajima (11) gives the distribution and diffusion of hydrogen 1: 
ingots. Honda and Hirone (12) have furnished a mathematical cal- 
culation of the pressure developed in elongated cavities during th: 
cooling of steel containing dissolved hydrogen. They find that 
theoretical maximum pressure of 500,000 pounds per square inc! 
could be developed in a small cavity at 500 degrees Fahr. (260 «i 
grees Cent.). Klausting (13) writes on conditions leading to flak 
formation and states that flakes may require eight hours time | 
develop after the bars have cooled to room temperature. Pihlstran¢ 
(14) exposed finely divided iron to hydrogen at different tempera 
tures and found the effect of carbon, manganese and silicon conten! 
on the amount of hydrogen dissolved by steel. Norton (15) uses 
vacuum tubes to study the flow of hydrogen through steel at ordinar) 
temperatures. Iwase and Fukusima (16) have developed a speci’ 
method of measuring solubility of hydrogen in metals and applied ' 
to ten metals and eight binary iron alloys. 

Hare, Peterson and Soler (17) developed a very novel and use 
ful method of determining the hydrogen content of molten steel an 
give data on several heats of steel. Their analyses show that there i 
a continual absorption of hydrogen during the time the molten stee 
is in the furnace except for periods when the heat is being worked 
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The amount of hydrogen in the steel is highest at the time of tapping 
the heat. These authors also give information on 127 heats of steel 
made throughout the year which show higher hydrogen content dur- 
ing the warmer months and suggest that this may be associated with 
the moisture content of the air during this period. Bamford (18) 
sives a very complete summary of hydrogen in steel, including a dis- 
cussion of the pressures developed in cavities, the embrittling effect 
of hydrogen, the possibility of rusty scrap, burnt lime and ferro- 
alloy additions introducing hydrogen into molten steel and a warning 
that more attention should be given to the possible presence of hydro- 
gen in steel. Graham and Work (19) emphasize the possibility of 
iron absorbing hydrogen from the moisture content of the air used 
in the blast furnace and open-hearth furnace. This brief mention of 
unly a part of the recent work which has been reported on flakes and 
hydrogen in steel shows the attention being given to this subject. To 
one not familiar with the subject the last three articles mentioned 
would give a good introduction to the subject of hydrogen in steel. 


EXTENT OF EXPERIMENTAL WorRK 


During the last two years the writers’ interest in this subject 
has been chiefly in determining quite definitely the condition of slow 
cooling necessary to eliminate flakes in steel bars whose heaviest sec- 
2x 3inches. The work recently completed has con- 
sisted of obtaining, and testing for the presence of flakes, 90 experi- 
mentally box-cooled specimens from six heats of steel, half of which 
had been treated with hydrogen, as explained below, in order to in- 
sure the presence of flakes in the test specimens. This work was 
made possible through the generous co-operation of the Dominion 
Steel and Coal Corporation, Ltd., Sydney, Nova Scotia. In order to 
locate flakes, a 6-inch longitudinal section of each specimen was 
sliced into three slices and the slices macro-etched in hot 50 per cent 
hydr chloric acid. 


tion measures 1! 


Metuop or TREATING INGoT witH HypROGEN 


The ingot molds used were 90 inches high holding about 5 tons 
of steel. The steel used was open-hearth carbon steel varying in 
carbon content from 0.66 to 0.77 per cent and in manganese content 
'rom 0.63 to 0.87 per cent. The method of introducing hydrogen is 
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shown in Fig. 1. 


Most of the details of the method of adding th 
hydrogen were worked out by H. B. Wishart and associates of the 
Department of Metallurgy, Carnegie-Illinois Steel Corporation, Gary, 
Indiana. The hydrogen gas from the cylinder is bubbled thr ugh 3 
bottle containing mercury in order to know when the gas is flowing 
The rubber stopper was wired in and the bottle tested to 40 pounds 


Fig. 1—Sketch of Method of Treating Ingot with Hydrogen. 


pressure. For safety it was partly buried in a box containing clean- 


ing waste during use. The bent 44-inch “double extra strong pipe 


has a wall thickness of about % inch which requires some time 


melt off as the molten metal rises in the ingot mold. The hydroget 
was lighted at the end of the pipe before starting to pour the ingo! 
and a pressure of 15 pounds per square inch was used when the hrs 
metal entered the mold to keep the end of the pipe open. The hydro 
gen pressure was increased as the metal rose in the mold to keep at 
even flow as indicated by the bubbling gas in the bottle, and the pip' 
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was moved back and forth across the mold in the molten steel. A 
maximum pressure up to about 30 pounds per square inch was neces- 
sary depending on how fast the pipe melted away. It was found ad- 
visable to stop the flow of the hydrogen when the metal was about one 
foot from the top of the mold to keep the molten metal from being 
thrown out of the mold. The pipe was usually two or three feet long 
when removed from the metal depending on how fast the ingot was 
poured. The time of pouring was varied from 2 to 4 minutes and 
this also governed the volume of hydrogen used, the latter varying 
from 30 to 70 cubic feet. While freezing, the metal gave off consid- 
erable hydrogen which burned at the top of the ingot. In the case of 
one ingot the solid crust was burned through with an oxygen jet re- 
sulting ina %-inch stream of molten steel being thrown 5 or 6 feet 
Ligh for about a half minute showing that considerable internal pres- 
sure was being developed as hydrogen and other gases were liberated 
during the solidification of the steel. 


MetHop OF CONTROLLING THE RATE OF COOLING OF SPECIMENS 


In order to study the effect of slow cooling on the development 
of flakes, the following procedure was used. Fourteen or more speci- 
mens, two feet in length, were cut from one bar, at the hot saws, jin 
about five minutes. A specimen from each end of the bar was cooled 
in open air, one on the mill floor and the other by setting across two 
supports. These are considered as “control specimens” to determine 
the tendency of that bar to develop flakes. The remaining twelve 
specimens were divided into three groups of four each and allowed to 
cool on the mill floor to 900 degrees Fahr. (480 degrees Cent.) at 
which temperature two groups were placed in the cooling boxes 
shown in Fig. 2, packed in rock wool insulation and thermocouples 
attached. The numbering system used for the specimens consisted 
of three numbers, the first indicating the test run, second the ingot 
number and the last the position of the specimen in the bar as 3-2-1. 

Uhe boxes used for specimens 1 to 4 were packed with varying 
amounts of the insulation so that the specimens would cool at differ- 
cnt rates. The boxes used for the second set of 4 specimens were 
filled with insulation and the specimens removed from the boxes at 
‘emperatures of 800, 700, 600 and 500 degrees Fahr. (425, 370, 315 
and 260 degrees Cent.). The third set of four specimens was cooled 
on the mill floor to temperatures of 500, 400, 300 and 200 degrees 
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Fahr. (260, 205, 150 and 95 degrees Cent.) at which temperature 


; ; c 5 tested by tl 
the boxes were filled with the rock wool insulation. Cooling cyrye 


. he of flakes tl 
tor a typical test are shown in Fig. 3. 

; : ber. Phot 
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Fig. 2—Apparatus Used for Cooling Specimens. Photograph Shows a Portior 
the Cooling Boxes, 12-Point Temperature Recorder and Thermocouple Attached to One | 





Cooling temperatures were recorded on all specimens with a !2 
point recorder using No. 22 gage asbestos covered chromel-alume : 
thermocouples clamped on the specimens under a block of asbesto: 


which held the couple junction tightly against the steel. Laborator The t 
tests had previously showed good agreement between temperatures specimens 
recorded in this manner and those measured by a thermocouple place \s indicat 
in a hole drilled into the same bar. rolled wer 


last numbe 
many mor 


In fact the 


RESULTS OF EtcuH TESTs OF SPECIMENS 
As stated above the specimens from each bar were divided in! treated in: 
three groups cooled approximately as shown in Table I. This tabl under the 


also gives the number of longitudinal or transverse flakes found ™ eliminated 


each slice six inches long cut from the bars from one hydroget- 00 degre 
treated ingot. The cooling curves for these particular specimens at minutes f 
those shown in Fig. 3. This ingot developed the greatest number with the 

flakes in the control specimens of any bar out of 1100 previous! hours, 11 
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tested by the writers. However, when a bar contains a large number 
of flakes they are not as large as in those containing a medium num- 
her. Photographs of three of the specimens reported in Table I are 
shown in Fig. 4 in which (a) is the specimen cooled in 59 minutes, 
(‘h) cooled in six hours, four minutes, and (c) cooled in a “Mackie 
tank” designed to prevent the formation of flakes. 
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Fig Cooling Curves of Specimens. Test 3 Ingot Treated with 70 Cubic Feet of 
Hydrogen. L=Longitudinal Flakes; T—Transverse Flakes. 


The time of cooling and the number of flakes found in all 90 
specimens from the six heats of steel tested are shown in Table II. 
As indicated in the table, the ingots from which three bars were 
rolled were treated with hydrogen and the control specimens, whose 
last number is always 0 (as 2-6-0), from these three ingots contain 
many more flakes than the three ingots not treated with hydrogen. 
In fact these three untreated ingots were the only ones out of 11 un- 
treated ingots tested which developed any flakes. It will be noted 
under the “Specimens Cooling at Different Rates” that flakes were 
eliminated in untreated ingots when the time of cooling from 900 to 
“00 degrees Fahr. (480 to 95 degrees Cent.) was three hours, 46 
minutes for one test and five hours, 26 minutes for another. While 
with the hydrogen-treated ingots six hours, 11 minutes and nine 


ho . 1 . . . ° . 
jours, |] minutes, respectively, were required for two of the ingots. 























440 TRANSACTIONS OF THE A. S. M. = 

Under the specimens taken out of the cooling boxes at differey; 
temperatures, it will be noted that flakes are eliminated by varying 
the amount of time from four hours, 35 minutes to seven hours, eigh; 


Table | 
Method and Time of Cooling and Flakes Found in Specimens from one Heat of Ste) 


Test No. 3, Ingot No. 2 Treated with 70 cu. ft. of Hydrogen 
Time from 
900° F. to 7Flakes on One Side of 6-inch Slice 
Spec. Method of 200° F. 
No. Cooling Hr. Min. Slice 1 Slice 2 Slice 





Control Specimens Cooled as Indicated 


3—2-—0 Hot bed 0 59 165 4, 35 TF 167 ‘3, 33°F 180 | 
3—2-13 Hot bed No record cae oe ae 172 L. 36 FT 195 L, | 
3—2-14 Mill floor No record 130 L, 18 T 33 L, 3S 175 L, 257 
32-15 Outdoors No record 265 ‘1. 70 TF 310 L, 50 T 300 L, 46 1 
3—2-—16 Mackie tank 17 25 0 0 0 














Series Cooling at Different Rates (Put in at 900° F., Out after 20 hours) 


3-1 2 07 eh 100 L, 14 T 80 L, 61 
3—2-2 3 56 eR ee 60 L, 4 T 63 L, 41 
3-2-3 6 38 0 9 ee 5 n 
3 2 4 9 11 0 0 U 








Series Out of Boxes at Different Temperatures (Put in at 900° F. then cook 
outdoors) 


3-2-5 800° F.* 0 21 168 L, 35 T 215 .L, 36 T 280 L, 4217 
3-2-7 700° F.* 1 08 ae ta OE 264 L, 46 T 223 L, 33 
3-2-8 600° F.* 2 29 0 65 L, 44 T 65 L, 917 
3-2-6 aoe ee” 6 04 0 0 0 
Series Put in Boxes at Different Temperatures (Out after about 20 hours) 
3-2-9 500° F.** 17 57 0 0 0 
3—2-10 400° F.** 11 36 0 0 0 
3—-2-11 300° F.** 6 27 2 Ee SE. 8 L, 
3-2-12 200° F.** 3.34, 2-3 104 L, 3 T 194 L, 


*Flakes are recorded as the number of Longitudinal (L) or Transverse (T) flakes 
on one side of a horizontal slice 6 inches long. 

*Temperature on removing from cooling box and set outdoors at temperature of 30° | 

**Temperature on placing in cooling box. 





minutes in the hydrogen-treated ingots. The series of specimens pu! 


into boxes at different temperatures were designed to furnish i 
formation on the temperature at which flakes developed. It will be 


noted that only one hydrogen-treated specimen developed flakes while 


cooling in air above 300 degrees Fahr. (150 degrees Cent.) while a 


specimens but one developed flakes before cooling to 200 degrees 
Fahr. (95 degrees Cent.). Macrographs of three other specimens 


are shown in Fig. 5 showing in (a) large flakes in a hydrogen-treate¢ 
specimen, (b) large flakes in a specimen not treated with hydroge! 
and (c) specimen from same bar as (b) in which flakes wet 
eliminated by cooling from 900 to 200 degrees Fahr. (480 to 9) 
degrees Cent.) in three hours, 21 minutes. 
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Fig. 5—Etch Tests of Two Specimens with Large Flakes. 


(a) 
(b) 
(c) 


Large Flakes in Hydrogen Treated Specimen No. 12-3-0 
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Etched 





Approximate! 
1 Hour in Hot 50 Per Cent Hydrochloric Acid Solution. Approximately #4 Natural >! 


Large Flakes in Specimen No. 6-2-0 Not Treated with Hydrogen. 


Specimen from Same Bar as (b) No. 6-2-5 in Which Flakes Were Eliminated 
by Cooling from 900 Degrees Fahr. to 200 Degrees Fahr. (482 Degrees ©& 


to 93 Degrees Cent.) in 3 Hours and 21 Minutes. 








Table 
Method and Time of Cooling and Flakes Found in Specimens from Six Heats of Steel 
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CONCLUSIONS 2, R. E. 
ge 
be 
1. Judging from the vast amount of information in the liters. aa 
ture and the results of these tests it can be safely concluded tha SI 
hydrogen plays an important part in the development of flakes j 
steel. at oe 
2. The source of the hydrogen in steel and the mechanism o; 30 
the formation of flakes were discussed in a previous paper (2) ané 5. Harol 
two years additional work have not changed the writers’ previous! = 
expressed opinions. 12 
3. The amount of time required in slow cooling between % 6. C. Di 
and 200 degrees Fahr. (480 and 95 degrees Cent.) to eliminate flakes . 
in the type of bars used in this experiment (heaviest cross sectio; 2 
1% x 3 inches, average 0.70 per cent carbon, 0.74 per cent mang: i . 
nese) varies from three hours, 20 minutes to nine hours, 11 minutes ee 
depending on the tendency of the steel to develop flakes. This tim 7 , 


required for slow cooling would not necessarily apply to bars oi di 


other dimensions or analyses. Geen 


4. Flakes developed in most of the above-mentioned bars bel E 
300 degrees Fahr. (150 degrees Cent.) but in one test the flakes de- aa a 
veloped above this temperature. The temperature at which flake: ll. Tada 
form will probably vary with the tendency of the steel to develo | 
flakes. 12 Kota 
13. E. K 
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DISCUSSION 


Written Discussion: By I. C. Mackie, engineer of tests, Dominion Ste, 
and Coal Co., Sydney, Nova Scotia. 

As an interested observer of the work described in the paper by Mess). 
Cramer and Bast I would like to submit a few comments. The “bars” referre 
to in the paper were in reality steel rails of 100-pound section and the flake 
the defect more commonly known in rail mill parlance as shatter cracks. 7 
work was done as part of an investigation which, it is hoped, will ultimate! 
permit the drafting of an improved specification covering the controlled coolin, 
of rails which practice is now in use in several rail mills. The present practi 
is entirely satisfactory in accomplishing the complete prevention of shatte; 
The possible improvement would consist in proving definitely that the tin 
consumed in the retarded cooling as now practiced could be materially shor 
ened without danger of producing rails containing shatter. 

Although I have no doubt the authors and others who are responsibhk 
the present investigation are fully aware of the practical difficulties in arrivi 
at any perfectly safe answer to the problem, it seems an opportune time 
give expression to a few facts which may emphasize the need for caution befor 
drawing any final conclusions. 

A successful process for the retarded cooling of rails was developed at t 
Sydney plant of the Dominion Steel and Coal Corporation and was in co 
mercial use in the latter part of 1931. In the preliminary work leading up | 
the adoption of the process a large number of rail samples were examined {or 
shatter after various retarded cooling treatments. It may be definitely state 
that the prevention of shatter requires more time or slower cooling in th 
case of heavy rail sections than would be necessary with lighter rails. Test: 


on 100-pound rails can never be a safe guide to a general specification. It wa: 
presumably impatience to get on with the investigation that led to carrying 


out the tests at the Sydney rail mill without waiting for a rolling of 130-poun 
rails, more typical of the heavier sections in general use. The use of hydrog 
treatment of the molten steel in the ingot mold to assure presence of shatter 


in naturally cooled rails will be discussed briefly later. Dealing for the moment 


with what we may call natural shatter as distinguished from what we n 
call artificial shatter resulting from hydrogen treatment, I have had an oppo! 
tunity to examine results of retarded cooling experiments made by the sam 
investigators at the rail mill at Ensley, Alabama, where the work was done 


130-pound rail sections containing natural shatter only. The conclusions tha’ 


might seem justifiable from the Ensley experiments as to permissible range 


temperature and rate of cooling to prevent the occurrence of shatter are no! 
in agreement with numerous experimental results carried out at Sydney 0! 


130-pound sections during the development of the retarded coomng process 


The Ensley tests would indicate a more rapid permissible cooling rate that 


would be safe in the light of tests made at Sydney seven or eight years ag0 
The difference may arise from variations in the degree of shatter found 1 


naturally cooled rails. A cooling treatment that may be quite sate for 4 ‘4 


in 


with only slight or moderate tendency to develop shatter may be entirely 
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adequate for a raii that develops severe shatter on natural cooling. Any specifi- 
cation covering rail cooling should of course be safe for the worst cases and 
the heaviest sections. 

Again in the commercial practice of retarded cooling of rails, the usual 
procedure is to stow the hot rails in a number of tiers in large box-like 
enclosures, each tier consisting of perhaps ten, twelve o¥ more rails. In one 
box there may be as many as 200 rails. Usually a thermocouple is installed 
approximately in the center of the cross section of the rail pile and extending 
some feet in from the ends of the rails. The cooling rate of the pile is deter- 
mined from the indications of such a location. Naturally in such a pile of 
rails there is wide variation in the cooling rate of individual rails. The fastest 
cooling rail will generally be the outside rail in the bottom tier. In commercial 
practice it would not be easy to determine the exact cooling rate of the end 
portion of this most rapidly cooling rail in the pile. The present investigation, 
lealing as it does with well insulated single pieces of rail, may, after a 
creat many tests, during which we may hope rails will be encountered of the 
heaviest section and of the maximum tendency to develop shatter, arrive at the 
cooling rate and temperature range for retardation that will safely prevent 
shatter. To pass from the conclusions of such a test to the fixing of a cooling 
rate for a commercial pile of rails whose temperature is taken in the manner 
above described is a problem in itself, and would be complicated by the varia- 
tions in degree of protection afforded by the rail enclosures at various mills, 
more particularly as they affect the cooling rate of the most rapidly cooling 
rail in the pile. Such an investigation as the present one, if it is to be based 
n natural shatter only, would not be safely concluded at the present rate by 
years of work. So often, as we found in the early work at Sydney, experi- 
ments that were hoped would give important information were rendered use- 
less by the entire absence of shatter in the naturally cooled rails, or by a very 
mild occurrence of the trouble. 

This brings us naturally to the question of the legitimacy, shall we call it, 
i artificially insuring comparatively severe shatter in naturally cooled rails by 
hydrogen treatment, so that the investigation may proceed in a reasonable 
time to some conclusion as to what cooling treatment will be adequate. Here 
we can give only opinions, for no one is yet in a position to say that hydrogen 
is the sole cause of shatter as found in commercial rails cooled naturally on 
the mill hot beds. I am glad of this opportunity to express an opinion on this 
matter. Before doing so it may be of interest to state that we have at Sydney 
casionally encountered natural shatter fully as severe or more so, on naturally 
cooled rails, than shown by the specimens of hydrogen treated steel described 
in Messrs. Cramer and Bast’s paper under the serial number 3. 

In the earliest stages of development at Sydney of a rail-cooling process 
lor the prevention of shatter we naturally worked on the theory that shatter 
was caused by stresses set up within the rail head by temperature differences. 
We had not gone very far when this theory became wholly untenable. On any 
one day the cooling conditions on the mill hot bed would not differ appreciably 
and yet some heats of steel would be entirely free from shatter and others 
show it decidedly on every rail examined. It was not very long after the com- 
mercial development of the process that the opinion was formed that the 
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essential cause of shatter was a gas, and probably hydrogen. This idea y, 
really more than just a hunch, to use a popular expression, but it would tak, 
too long to give the various reasons that led to this opinion. As a matter ,; 


fact in January 1935 a number of officials from one of the American rail plants 


visited Sydney and in the discussions one of the visitors asked what we cop. 


sidered was the real cause of shatter. The answer was hydrogen. It was som, 
months later that the first German publications appeared with definite eyideng, 
that hydrogen could cause flakes in steel. 

When Mr. Cramer, before coming to Sydney for the work described in th 
paper under discussion, asked if we would agree to the hydrogen treatment w 
were very glad indeed to consent, knowing how likely the experiments wer, 
to be abortive unless decided shatter could be obtained in naturally cooled rails 


The first ingot treated with hydrogen by Mr. Cramer and his associates was 


I believe the one described in the paper under the serial number 3, the wor: 
specimen encountered. A test piece had been rushed from the hot saw to thy 
laboratory for deep etch tests and was found very badly shattered. The ra 
mill superintendent telephoned to ask whether the rails from the hydroge 
treated ingot should be allowed to go along with the rest of the heat into ¢! 
slow cooling boxes. Actually it never occurred to me to say anything 
“certainly.” These rails were spotted in the box and later tests showed t 
the regular retarded cooling process had entirely prevented shatter in these rails 
As before stated we are dealing here with opinions only and no n 
need be said to indicate that the writer is convinced of the legitimacy of | 


hydrogen treatment as a useful procedure to insure severe shatter in the rails 


used for retarded cooling experiments. 


I note that Mr. Ashdown, in discussing the paper submitted by Mr. Crame: 


at the 1936 meeting of the Society, could not agree with the hydrogen theo 

of flake formation. From his discussion at that time I quote the following 

“It is now well known that flakes existing in steel billets will we 

up on reforging but, if the billets are again cooled in air to normal te 
perature, a fresh crop of flakes, usually smaller, will develop.” 


What may be the facts in the case of alloy steels, I do not know. Ow 


experience with rail steel is certainly not in agreement with the above quotat 

Furthermore any trials we have made indicate that a rail, prevented fro! 
shattering by a retarded cooling process, can then be reheated to rolling ten 
perature and allowed to cool naturally in the air without showing a tract 
shatter, although naturally cooled rails as first rolled from the same heat ma 
show bad shatter cracks. The same result has, I believe, been obtained | 
other mills and other investigations. 

Written Discussion: By Gilbert Soler, manager of research, and West 
Hare, research engineer, Steel and Tube Division, Timken Roller Bearing \ 
Canton, O. 


The work of Messrs. Cramer and Bast is of considerable interest in givint 
further evidence of the nature and cause of flakes in steel. Their work * 
particularly pertinent since they have worked with production size samples " 


} 


treating large ingots to determine the effect of cooling rates and hydroge! 


t| 


content on flaking of rolled bars. The conclusion seems reasonable thé 


hydrogen is the primary cause for flake formation. The exact mechanism 
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probably not yet proven, however, as the question remains as to the effect of 
the hydrogen addition on the physical properties of the steel; that is, on the 
manner of crystallization, grain size, distribution of nonmetallic inclusions and 
possible hydrogen embrittlement. 

It would be interesting to have the authors’ idea as_to the nature of the 
voids in which the hydrogen collects. Many references in the literature state 
that the voids are microscopic in size and are possibly around inclusions in the 
steel, In our work we have noticed the presence of tubular voids in longitu- 
dinally fractured pieces of flaked steel. These tubular voids are several thou- 
sandths inch in diameter and up to % inch in length, and were undoubtedly 
filled with gas under pressure, probably hydrogen. The assumption seems war- 
ranted that gas was present in the ingot as bubbles trapped during freezing, and 
these bubbles were drawn out into tubes during rolling. 

It is interesting to note the statement that when the flakes are large, they 
are relatively few, and when small are more numerous. Possibly the large 
fakes are connected with coarse primary dendrites and small flakes with finer 
primary crystals. It seems that this assumption would also explain the tendency 
noted in Fig. 5 and Table II of Cramer and Bast’s paper that coarse flakes 
seem to tend toward a transverse direction. There must be some unusual 
transverse weakness to overcome the usual higher transverse properties of rolled 
bars. 

It is somewhat unfortunate that Messrs. Cramer and Bast found it neces- 
sary to use ingots from different heats for the control tests and the hydrogen 
treated tests. It would have been interesting to note the effect of hydrogen on 
an ingot as compared with an adjacent untreated ingot. 

Although we have analyzed the hydrogen content at tapping time of many 
heats in our plant, we have never correlated the analyzed hydrogen content of 
heats with their respective tendency to burst, although such a study would be 
of interest. However, many other factors than actual hydrogen content before 
teeming may affect the amount of gas retained in the solid steel such as rate 

| pouring, rate of solidification, and the extent of nuclei for gas evolution. 

In regard to cooling rates for the prevention of bursts it is interesting to 
note that slow cooling from 900 to 500 degrees Fahr. in 6 hours will prevent 
bursts as well as slow cooling from 400 to 200 degrees Fahr. in 12 hours. This 
is illustrated in Fig. 3 by specimen 3-2-6 and specimen 3-2-10, as well as the 
data for all heats in Table II. While this relation probably holds only for the 
bars of the dimensions and analysis used in the experiment it is of practical 
significance. The location of the cooling pits or tanks in respect to the location 
oi the cooling bed and the time required to move steel from the cooling bed 
to the pits may determine whether cooling can be done most advantageously 
in the upper range (900 to 500 degrees Fahr.) or in the lower range (400 to 
“0 degrees Fahr.). It might also be desirable to cool in a given range to 
prevent bursts and at the same time control hot-rolled properties such as hard- 
hess, cold shear quality, warping, etc. 

Written Discussion: By H. B. Wishart, metallurgist, Carnegie-IIlinois 
Steel Corp., Gary, Ind. 


Messrs. Cramer and Bast have very ably reviewed in a brief manner 


recent 


rature and have given an extensive bibliography in their paper on 
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the problem of flakes or shatter cracks in steel which is helpful in the 
of this subject. 

As the authors mentioned, there has been and still is a controversy — 
the cause of flakes in steel. There are some investigators who feel that cooling 
stresses are responsible for their formation while other investigators fee] that a 
combination of cooling stresses and stresses created by gases are the cays 
It is evident if cooling stresses alone were responsible for flakes or shatte, 
cracks, taking railroad rails as an example, they would occur in the entir: 
output of rails if hot bed cooled. Such an occurrence is not the case becaysy 
the percentage of hot bed cooled rails containing shatter cracks is very smal 
As the method of cooling this product follows a uniform practice there must }; 
some other cause that occasionally augments the cooling stresses to such y 
extent that internal damage occurs in the rails—that this cause could be gas 
especially hydrogen, has been shown in this paper. The exact mechanism }) 
which the gases produce failure is not definitely known although it is fair) 
well established that flakes do not tend to form in a flake sensitive steel yn! 
a temperature in the neighborhood of 400 degrees Fahr. is reached. 

Several methods are now in use to prevent flake formation in steel, one 
which is the controlled or retarded cooling of the finished product as mentione 
in this paper. Another method of preventing flakes in steel was recently devis 
by A. N. Swanson’ and the writer and seems to substantiate the gas theor 
of flake formation. The method briefly consists in allowing the metal to co 
in air after the last hot working operation to any given temperature with 
the range of 500 degrees Fahr. and the critical temperature. The cooling 
the steel is to be retarded and held at a temperature selected in this range | 
a given period of time depending on the mass of the metal and then allowed ! 
cool in air. It was found that the higher holding temperatures, 1000 to 120) 
degrees Fahr., were the most effective temperatures in eliminating the flak 
sensitivity of the steel. 

The problem of flakes in steel is not a new one. Many attempts have bee! 
made to find the source of trouble in the steel in the various stages of it 
manufacture but it was not until recently that the apparent cause of the trou)! 


Study 


was discovered and methods devised to prevent flake formation. The author 


are to be commended on their contribution to the field of flake prevention whic 


shows that gases can cause flakes, and some of the various methods of con- 


trolled or retarded cooling that will prevent flakes. 


Oral Discussion 


H. W. McQuaip:* Anyone who has had much to do with melting ste 


has seen the results of hydrogen. I can remember in making electric furnac 
} 


steel of the low carbon carburizing grade from baled turnings that we 4 
great difficulty in keeping it from going wild in the molds. The steel would 
lie quietly in the molds for 5 or 10 minutes and then would start to rise, and 
in a few minutes most of the steel would be on the outside of the mold. The 


difficulty was traced back to oily scrap or leaky cooling rings on the carbo! 
cml + 





Assistant chief metallurgist, Gary Works, Carnegie-Illinois Steel Corp., ary, 
2Assistant chief metallurgist, Republic Steel Corporation, Cleveland. 


1939 


electrodes. 
these heats 
the mushy 
cient to cau 
limestone, ' 
with steam 
About 
cause of W 
in steel ca 
warm humi 
believe wh: 
to prove th 
that moistu 
but it has 
factor in tl 
an ingot. 
JOHN 
piece of w 
gases in n 
could go w 
definite, ta 
gas. This 
here is an 
F. B. 
in this pa 
used durin 
found in te 
gun forgir 
duced by | 
test bars 
elastic lim 
\nother ty 
by too rap 
ance, beins 
tests whic! 
which I be 
by the pre 
ing hot wi 
It is | 
seated lays 
of bars or 
rarely if « 
rapid cool; 
their occu 
during th 
austeniti 


*Depar 
‘Suns 








June 


le study 


SY Over 
Cooling 
1 that a 
e Catise 
Shatter 
C entire 
because 
¥ Small 
must by 
such a 
© gases 
nism by 
is fair 


2el unt! 


, One 

entione 
devis¢ 
s theor 
to co 
» withi 
oling 

inge | 
owed t 
to 121 
he flak 


ive beer 
s of its 
trouble 
authors 
n which 
of con- 


ng stee 
furnact 
we had 
1 would 
ise, and 
d. The 
carbor 


ary, Ind 


1939 DISCUSSION—FLAKES IN STEEL 451 


electrodes. Apparently the hydrogen in solution would be unusually high in 
these heats and would keep coming out of solution while the steel was still in 
the mushy stage so that the expansion of the trapped hydrogen would be suffi- 
cient to cause the wildness in the mold. Similar difficulties can be traced to wet 
limestone, wet hot tops and wet stool brick. Some furnaces which are fired 
with steam atomization of the fuel occasionally have the same difficulty. 

About 20 years ago a paper was given by Styri, in which he connected the 
cause of wildness, etc., in ingots to atmospheric conditions, and I have noticed 
in steel castings that there is an increase in the amount of porosity during 
warm humid weather. Whether hydrogen caused this I do not know, but I do 
believe while it is a contributing factor in the formation of flakes it is hard 
to prove that it is the primary cause. I do not know whether the observation 
that moisture is the cause of porosity in castings is universal in its application, 
but it has been made often enough to indicate that hydrogen is an important 
factor in the soundness of the castings, whether it be a commercial casting or 
an ingot. 

Joun CutpMan:’ I would like to remark that this is a very beautiful 
piece of work and quite different from the older work that was reported on 
gases in metals some 10 or 20 years ago, in which almost everything that 
could go wrong with the metal was blamed on gas. Here we have some very 
definite, tangible evidence of a perfectly well recognized effect of hydrogen 
gas. This is finally something upon which one can place his finger and say 
here is an effect of the hydrogen. 

F. B. Forty :* The name “flake” as applied to the type of defect discussed 
in this paper by Cramer and Bast is a contraction of the word “snow-flake” 
used during the war period of 1917-18 to describe the appearance of a defect 
found in tensile test specimens and ordinary fractures from certain nickel steel 
gun forgings. Such fractures contained bright areas such as might be pro- 
duced by pressing a small piece of thin silver foil onto the fracture. Tensile 
test bars found to contain these defects developed full tensile strength and 
elastic limit, but were characterized by low elongation and reduction of area. 
\nother type of defect, which undoubtedly was a thermal crack and produced 
by too rapid cooling immediately following the forging, had a different appear- 
ance, being very coarse where the crack existed, and gave results in tensile 
tests which were low in every respect. It is this latter type of defect with 
which I believe the authors are at present concerned and which are aggravated 
by the presence of hydrogen and readily developed by too rapid cooling follow- 
ing hot working. 

It is characteristic of cooling cracks that they are confined to the deep- 
seated layers of metal and do not occur near the surface nor close to the ends 
ot bars or forgings, yet it is well known that, in spite of the fact that they are 
rarely if ever found in the portions of the metal where cooling is most rapid, 
rapid cooling develops them and slow cooling after forging or rolling prevents 
their occurrence. It was my observation of thermal cracks which I examined 
luring the war period that they were generally associated with a coarse 
austenitic grain size in the forging. 
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Another fact which seems to run counter to the general idea that it 
wholly the cooling rate which causes cooling cracks is that they rarely if ever 
occur in small sections, under say 2% inches square, which cool more rapidly 
than the larger sizes. Of course it can be said that the requisite stresses are 


10t present in the small sections. 





















It is my experience that once a steel, subject to thermal cracking during 
cooling, has been cooled from the forge or mill in such a manner as to avoid 
their presence it may then be reheated to a normalizing temperature and cooled 
in air, a rate which if applied to the piece as it comes off the mill or hammer 
would cause cracks to develop, without developing any cracks. Hultgren found 
that chromium-bearing steel finished at a low temperature in hot working was 
generally free of cooling cracks, although the same steel finished hot readily 
developed them. 

Alloy steels, when made in an acid furnace, are much less likely to develop 
thermal cracks than a similar steel made by the basic process. 

C. E. Stms:* After the authors’ presentation there can be very little 
doubt as to the cause of this trouble, but there does seem to be some question 
as yet as to just what the mechanism is. I would like to cite a few experiences 
which I have had in cast steel which has an analogous condition and which is 
most certainly due to hydrogen. 

We find in normalized test bars, that is, normalized as 1l-inch sections. 
after breaking in a tensile machine, certain little spots usually about && of 
an inch to as big as 2s When the bar is broken the 
fracture will usually zigzag back and forth through those spots resulting in a 
very jagged fracture. 


of an inch in diameter. 


At these peaks and valleys you will find an irregular 
spot usually fairly round and in the center of which there will be a very tiny 
cavity. This spot will have a very fine-grained fracture like a hard, brittl 
steel, very much like a high carbon steel, whereas the rest of the area will have 
a fibrous appearance. 







This brittle area is always concentric with the small 





cavity. 
Now, if we should age that bar at some low temperature, even at room 


temperature if it is aged long enough, and then break it, the spots will not 
appear. 





This is evidence that there are no fissures or cracks prior to breaking 








the bar and this condition is due to the manner in which the steel fractures 
At room temperature it may require two or three weeks but if we age it at 
200 or 300 degrees for about 15 hours the spots will disappear. At tempera- 
tures of 500 to 700 degrees the condition is cured in a very few hours. A 











peculiar thing about it is that, if the bar is renormalized after aging to remove 
the spots and then pulled without reaging, the spots would reappear. This 
condition in cast steel has been known and worried about for a good many 
years. Although hydrogen had been suspected, the first definite indication was 
obtained when we broke some welded bars that had been welded with atom 
hydrogen. Of course, the weld metal all solidified in an atmosphere of pra 
tically pure hydrogen and we found the same condition but in a greatly exag- 
gerated state. Instead of spots ¢x inch in diameter there were spots ™% inch 





5Research metallurgist, Battelle Memorial Institute, Columbus, O. 
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in diameter with the same typical hole in the center. These spots could also be 
eliminated by low temperature aging. 

| will give briefly some more or less tentative conclusions that seem to 
fit the facts in the case. First is that hydrogen is soluble in liquid steel and 
when there is too much or if there is sufficient FeO there will be a gaseous 
effervescence during freezing. In other cases there will be no effervescence 
but the hydrogen seems to segregate nevertheless and tiny interdendritic 
cavities will be filled with hydrogen. 

Another thing is that hydrogen apparently forms a stable hydride at high 
temperatures with steel. This hydride is unstable at low temperatures but, 
owing to the sluggishness of the steel, the decomposition of the hydride is ex- 
tremely slow. Slightly elevating the temperature will hasten the decomposition 
of the hydride. We have an analogous condition in electrolytic iron, fresh 
cathodes of which are brittle as antimony but which when heated up become 
almost as soft as tin. 

This condition described as occurring in cast steel is apparently analogous 
to the occurrence of flakes in rolled and forged steels. If there were only 
longitudinal flakes in rolled steel they might be attributed to rolled out gas 
filled cavities but there are just as many transverse as longitudinal flakes. 

H. W. McQuarip: It seems to me that we ought to go a little slow in 
saying that hydrogen is the direct cause of flakes. About ten years ago in the 
British Iron and Steel Institute, out of many discussers of Mr. Hultgren’s 
paper on flakes, there was, I think, only one metallurgist who disagreed with 
the conclusion that flakes were caused by thermal stresses. The rest of them 
were absolutely certain the cause of flakes in steel was too fast cooling of the 
bloom. They said that it was very obvious the cause of flakes was too fast 
cooling. Now the consensus of opinion seems to be that flaking is due to 
hydrogen absorbed in melting and the one English metallurgist was correct. 

It seems to me we should be careful about jumping at conclusions in such 
matters and that the effect that we get which shows up as flakes may not 
necessarily be due directly to hydrogen but to the hydrogen effect. This effect 
may be on carbide diffusion rates, inclusion types, or on reaction to cooling. 
lf hydrogen is so important in commercial steel it seems to me that in making 
test heats and special heats in which we place great stress on the result of 
experimental demonstration of certain factors that it is a little bit foolish to 
remelt or make the final melting in a hydrogen atmosphere and say the hydrogen 
has no effect upon the results produced. I think it has been well demonstrated 
that hydrogen has a direct effect upon the results obtained on cooling and the 
stresses set up in fast cooling. 

Judging from what Mr. Foley said, sensitivity comes from the casting 
condition, and in the bloom the cast structure has not been broken up very well. 
| know very well from experience that if you can break up the cast structure 
and cool down without flakes that you never see them again. 

Mr. Sims mentioned conditions which are quite common with flaked steel 
showing up in tensile tests. The interesting thing which I have observed where 
you have flaked tensile test is that the effect of flakes on ultimate strength 
seems very little, whereas the effect on the elastic limit is very marked. I can 
recall a badly flaked Cr-Ni-Mo steel which would show approximately 200,000 
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une 


pounds per square inch ultimate strength whereas the elastic limit wou! 


be 
less than 100,000 pounds per square inch. In the: nonflaked material the elastic 


ia 


limit would be close to 160,000 pounds per square inch. 

AxeL HuttGren:* When I published some work on this subject in 1925 
I was dealing with ball bearing chromium steel only. Since then I have had 
occasion to examine chromium-nickel-molybdenum steel; one heat that was 
particularly sensitive to forming these flakes was selected for the experiments. 
Twelve inch square bars were forged. After ordinary forging followed by 
slow cooling in charcoal dust, the. main central portion of the bars contained 
numerous cracks. My working hypothesis was as follows: In forging you 
cool the outer layers of the steel. When you finish forging you have only 
small residual forging stresses but a nonuniform temperature distribution of 
the kind that will cause the formation of additional tensile stress in the center 
at a later stage when the temperature becomes equalized. So that, I think, may 
throw some light on Mr. Foley’s observation regarding reheating and normaliz- 
ing a cold bar and not finding any cracks. In that case you do not have the 
same initial condition when you cool. 

Now in order to test this idea I took the forged bars and reheated them 
immediately to a series of temperatures: 1652, 1832, 2012, 2192 degrees Fahr. 
(900, 1000, 1100, 1200 degrees Cent.) and kept them at temperature for different 
periods. After annealing at 1652 degrees Fahr. (900 degrees Cent.) for 3 hours 
followed by air cooling there were numerous cracks; 1832 degrees Fahr. (1000 
degrees Cent.) for one hour, air cooling: no cracks; 2012 degrees Fahr. (1100 
degrees Cent.) the same; 2192 degrees Fahr. (1200 degrees Cent.) a few cracks 
were formed at the corners which were probably caused by the cooling stresses 
Anyhow, the results seemed to bear out the idea that the stresses were the 
main cause of the flakes and that holding the forged bar at a sufficiently high 
temperature so as to equalize its temperature and also the stresses produced in 
equalizing would be beneficial. Afterwards, of course, the well-known extensive 
work at the Krupp Works has been done and called our attention to the effect 
of hydrogen. I am convinced that this work which has also been confirmed in 
this paper of today points to a real effect of hydrogen but I am not so con- 
vinced that stresses in practice do not also play a dominant part in the pro- 
duction of the flakes. The main thing now, in my opinion, is to study the con- 
ditions in practice: the possible origin of hydrogen and the possible origin ot 
stresses that may combine to form these cracks. 

Just another word on the subject of Mr. Sims’ discussion. I have also 
seen similar fracture phenomena in weld material obtained from electrodes 
having a coating that gave off gas and had a reducing character. It should be 
pointed out that these cracks or spots that are visible in the fracture around the 
blowholes are formed in the tensile test. They are at right angles to the 
direction of pull. A snow flake, on the other hand, is a crack that is there 
before you deform the steel. It is just as easy or difficult to explain a longitu 
dinal as a transverse snow flake. The shape of the snow flake is very seldom 
elongated. It is not present during forging but is formed during the subsequent 
cooling. 


—____ 


*Professor of metallography, Tekniska Hégskolan, Stockholm, Sweden. 
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H. D. Puitires:' In reference to the condition which Mr. Sims described 
here in certain cast steels, we have found that in making acid electric steels 
that, if the metal is prepared in such a way that you do not get a good “boil” 
and you then add aluminum to it and get a thorough deoxidation, you are quite 
likely to develop that condition which Mr. Sims has illustrated. However, 
even if you do “boil” the steel but add no aluminum to it and cast it in green 
sand, you are quite likely to get porosity and that probably is due to hydrogen. 
At least that has been the experience of most foundry men. If you add just 
enough aluminum to thoroughly deoxidize, even with a properly made steel 
you would get a network sulphide structure but little evidence of these flaws. 

| am not going to get into the argument of just what it is, but that is the 
condition that we run into. If you add an excess of aluminum and cast it in 
green sand, you are quite likely to develop these spots in the iensile bar if 
the steel has not been properly made. 

The mold condition has a lot to do with it also. If you make a casting 
six or eight feet long in green sand with a high moisture content and take 
one test bar at the gate end of the casting and another test bar at the far end 
of the casting, the one at the far end is quite likely to have these spots whereas 
the one at the gate end does not have them. That seems to indicate hydrogen. 
In foundry practice when we find a condition of that sort we invariably get 
a cure for it by aging at 500 to 700 degrees Fahr. In castiugs we find an 
increased susceptibility toward this condition when our steel is deoxidized by 
large additions of aluminum. 

H. W. McQuarp: It always has seemed to me the difference in size be- 
tween 19 and 24-inch steel ingots and ordinary steel casting is sufficient to 
explain the greater tendency of the steel in ingot form to show the flaked con- 
dition than steel castings. In steel castings flakes are very scarce compared 
to what you get from ingots in normal steel practice. 


Authors’ Reply 


We wish to express our appreciation for the written and oral discussion 
of this paper. 

We heartily agree with Mr. Mackie that due precautions must be taken in 
drawing conclusions from our work or making recommendations of changes in 
the commercial practice of slow cooling because of some differences in condi- 
tions between our tests and commercial practice. Mr. Mackie speaks from 
years of experience on this problem and we have high respect for his opinions. 

The written discussion of Messrs. Soler and Hare suggests several ques- 
tions which are unanswered regarding the effect of the hydrogen on the physical 
properties of the steel, on the manner of crystallization, grain size, distribu- 
tion of nonmetallic inclusions and possible hydrogen embrittlement. So far we 
have made only a comparatively few microscopic examinations of hydrogen- 
treated bars and have not noticed an appreciable difference between them and 
untreated bars. We have not found the tubular voids they mention but will 
search for them more thoroughly. We have in mind, as the space where hydro- 


"Dodge Steel Company, Tacony, Philadelphia. 
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gen may collect, any lack of contact or weakness between inclusions and stee! 
which might result from unequal shrinkage during cooling. 

We believe the relation between size of flakes and number of flakes js 
somewhat like grain size; that is, in a given volume of steel if the number oj 
either is large the size will be small and vice versa. This brings up the ques- 
tion whether flakes form by a sudden break to full size or by a slow growth 
It seemed logical to us to assume that if the concentration of hydrogen trying 
to escape from the steel is high it builds up enough pressure to start fracturing 
the metal at a large number of locations, let us assume them to be ™% inch 
apart throughout the metal. Then because of the closeness of these nucle; 
the amount of hydrogen which will diffuse to each crack will be limited, there- 
fore the size of the flakes will be small. If, however, the cracks start at cen- 
ters 1 inch apart the hydrogen from a larger volume of metal may diffuse t 
each crack and they will grow to a larger size. This explanation indicates 
that the cracks may develop slowly as more hydrogen diffuses into them 

In answer to Messrs. Soler and Hare’s question of the comparison of bars 
from the hydrogen-treated ingots and bars from an adjacent ingot, we should 
have included in the paper that we did obtain test pieces from an ingot ad- 
jacent to two of the hydrogen-treated ingots and both were free of flakes 
Since this paper was written, we have repeated this experiment at another stee! 
mill and obtained this same result. That is, bars from the hydrogen-treated 
ingots developed from 100 to 300 flakes while bars from an adjacent ingot 
were free of flakes. It was an oversight on our part that we left this informa- 
tion out of the paper. 

The observation was made by Messrs. Soler and Hare that 6 hours ol 
cooling between 900 and 500 degrees Fahr. eliminated flakes while 12 hours 
were required when the slow cooling was done between 400 and 200 degrees 
Fahr. This point is covered more completely in the discussion submitted by 
Mr. Wishart in which he describes another method of preventing flakes in 
steel. He reports that holding the steel in the range of 1000 to 1200 degrees 
Fahr. as the most effective temperature to eliminate flakes. We consider this 
important information and appreciate Mr. Wishart presenting it in his dis 
cussion. 

We are very glad to hear of Mr. McQuaid’s experience with electric fur- 
nace Steel and especially to hear his explanation of the sources of hydrogen in 
this type of steel. His experience with steel castings is equally interesting 

Dr. Chipman’s comments are very encouraging to us coming from one 
who has directed so much research on gases in steel. 

Mr. Foley’s explanation of the use of the terms flake or snow flake t 
describe bright spots on the fracture of tensile specimens is new to us. We 
had thought these terms were only used to describe the bright spots found on 
the fractures of heavy sections, the second type described by Mr. Foley. We 
are familiar with the first type of bright spots he describes and have found 
that in some cases they are due to early interior fractures of the tensile spec! 
mens developing around inclusions. The area which fractures first is not 
deformed as the tensile specimen necks down and therefore appears bright 
in contrast to the surrounding material in which the crystals were deformed 
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during the necking of the specimen, producing a dull, fibrous appearance after 
fracture. The presence of inclusions in the center of the bright spots was 
proven by polishing the specimens longitudinally down to the center of the 
bright spots and examining them on the microscope. 

We agree with Mr. Foley’s observations that flakes do not occur near 
the surface or ends of bars or forgings and believe this is explained by the 
escape of hydrogen from the metal near the surfaces, which prevents the 
building up of high enough internal pressures to crack the steel. This also 
explains why bars of small sections, as under 2 inches square, do not develop 
fakes. It should also be considered that thermal stresses probably play some 
part in the development of flakes and these are lower near the surface of a 
large bar and at the interior of small bars in contrast to the thermal stresses 
developed at the interior of a large bar. As Mr. Foley states, flakes seldom 
develop except during the first time the steel is cooled to room temperature 
after being cast in the ingots. This made it necessary to conduct our experi- 
ments at the steel mill on bars rolled directly from the ingots. Flakes do not 
often develop in bars rolled from reheated blooms. 

Mr. Sims presents a very unusual problem which is rather puzzling to us. 
Most of the observations he describes are entirely in accord with the theory 
that hydrogen could be the cause of his troubles. However, his specimens 
have been cooled to room temperature several times which should allow the 
hydrogen to escape from a l-inch round steel bar. We would be inclined to 
investigate the presence of inclusions, which may drop out and be unnoticed, 
as playing some part in this problem, although the inclusion idea does not 
explain how aging could eliminate the trouble. 

In Mr. McQuaid’s third discussion he mentions tensile specimens which 
show flakes on the fracture but have high ultimate strengths. We think a 
clear distinction should be made between the bright spots observed on tensile 
specimens and flakes present. in large steel bars. It should be recognized that 
these bright spots develop during the fracture of the tensile specimen and were 
not present before the tensile test. We have occasionally made tensile tests of 
specimens machined from flaked steel and in this case it is unusual to obtain 
one-half the ultimate strength which would be obtained on a specimen not 
containing flakes. 

Professor Hultgren’s experience with 12-inch forged bars of chromium- 
nickel-molybdenum steel certainly emphasizes the fact that no one should jump 
at the conclusion that hydrogen is the only cause of flakes. As we follow his 
description of this experiment we cannot see why all the bars should not have 
developed flakes and hydrogen been the chief cause of the flakes developed in 
the bar heated to 1652 degrees Fahr. (900 degrees Cent.) and cooled in air. 
In this connection we have information that hydrogen-treated steel held above 
the critical range does not lose its hydrogen very fast but when cooled below 
the critical range a large part of the hydrogen diffuses out rather rapidly. 


































SOME PROPERTIES OF OXYGEN-FREE HIGH 
CONDUCTIVITY COPPER (OFHC) 


By CLaus G. GOETZEL 


Abstract 


Test specimens for density, hardness, tension, com- 
pression, impact, fatigue, electrical conductivity, and struc- 
ture tests were prepared from two small OFHC castings. 
Tension, conductivity, and fatigue tests were made on as- 
cast material and on wires, rolled and drawn from bars cut 
from the castings. Density, hardness and structure tests 
were made on as-cast OFHC and on samples which have 
been compressed in a steel die after separation from the 
casting. 

Tension tests showed uniform results, independent 
from the location of the specimens in the casting. Com- 
pressive strength properties were uniform; odd shapes of 
the specimens after testing were traced back to the location 
of the cylinders in the original casting. 

The influence of the die compression was very slight 
with respect to density, but marked with respect to hard- 
ness. The hardness values, however, did not reach heights 
of strain hardened copper. The die compression did not 
affect the macrostructure. 

Conductivity tests gave slightly higher results than 
expected. They showed a considerable increase after an- 
nealing of the wires. 

Impact tests had inconsistent results and showed the 
influence of the location of the test bars in the original 
casting. 

Fatigue tests on as-cast material resulted in a S-N 
curve much lower than the one known for hard drawn 
solid OFHC, whereas the curve for hard drawn OFHC 
wires 1s only slightly below the curve for hard drawn solid 
material. 















URING an investigation on synthetic copper powder compacts 
it was found necessary to establish comparison data on cast 
copper under exactly the same testing conditions. Oxygen-free high 
conductivity copper (OFHC) was chosen as the most suitable cast 






A paper presented before the Twentieth Annual Convention of the Society 
held in Detroit, October 17 to 21, 1938. The author, Claus G. Goetzel, is 
research metallurgist of the Hardy Metallurgical Co., New York. Manuscript 
received June 24, 1938. 
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copper as means of comparison, due to the well known outstanding 
results of previous investigations on this particular type of material. 

Webster, Christie and Pratt’ compared the tensile properties of 
OFHC copper with tough-pitch and with phosphorized ordinary 
copper in the annealed and in the cold hard drawn condition. They 
found some notable improvements in the properties of the OFHC 
type. 

Rolle and Brace* made an intensive investigation on the proper- 
ties of OFHC copper and also dealt with its use. In a series of 
photographs they showed the typical cast structure with its columnar 
grains. They also presented a set of photomicrographs of wirebars 
and wires of the different types of material, showing the deoxidized 
structure of the OFHC metal. The authors dealt further on with 
the tensile properties and endurance qualities of the material. The 
effect of cold working on the endurance limit of OFHC copper was 
studied. The endurance of OFHC under severe bending was com- 
pared with copper of the commercial types. Fatigue tests were run 
on OFHC hard drawn copper, having an ultimate tensile strength 
of 56,750 pounds per square inch. A Farmer-type rotating beam 
machine was used, and the values obtained were plotted in a S-N 
curve. However, no investigations were made on the as-cast mate- 
rial. Bending tests and twisting tests with OFHC and electrolytic 
tough-pitch copper showed OFHC to be considerably superior in 
its properties. 

Lorig, Dahle and Roberts* recently investigated the mechanical 
properties of straight OFHC together with phosphorized OFHC and 
ordinary tough-pitch copper at elevated temperatures. Besides the 
values for the tensile properties some interesting results were ob- 
tained at room temperatures and at elevated temperatures with 
Charpy impact tests. The authors found that in the as-cast condition, 
the phosphorized OFHC copper was slightly superior to the other 
types of copper in tensile strength at elevated temperatures and was 
more ductile. After hot working and annealing, the straight OFHC 
copper was uniformly ductile, whereas the other types showed a 
marked decrease in ductility at higher temperatures. Impact 
strengths of straight and phosphorized OFHC coppers were superior 

Comparative Properties of Oxygen-Free High Conductivity, Phosphorized and Tough- 
Pitch Coppers,”” by W. R. Webster, J. L. Christie, and R. S. Pratt, Proceedings, Institute 
otf Metals Division, American Institute of Mining and Metallurgical Engineers, 1933. 


*“Oxygen-Free High Conductivity Copper: Its Properties and Uses,’”’ by S. Rolle and 
P. H. Brace, Mining and Metallurgy, August 1933. 


_ _**The Mechanical Properties of Copper at Elevated Temperatures,” by C. H. Lorig, 
F. B. Dahle, and D. A. Roberts, Metals and Alloys, March 1938. 
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to the impact strength of tough-pitch copper, but not much difference 
was observed in the as-cast impact properties of the straight and 
phosphorized OF HC coppers. 

The purpose of this paper is to fill the little gaps, which the 
previous investigations left open; for instance, to establish fatigue 
data on as-cast OFHC and to investigate less important mechanical] 
properties, such as Izod impact strength, compressive strength or 
fatigue properties of hard drawn wires, but also to give average 
values, suitable for comparison. Special attention is to be given to 
















the location of the test specimens in the raw castings and also to the 
method of production of the test samples. 


MATERIAL 






Two small OFHC castings, approximately 2% inches in diam- 
eter and 8 inches long, were received from the refinery of the United 
States Metals Refining Co. They were vertically cast at a tempera- 
ture of 1130 to 1140 degrees Cent. (2065 to 2085 degrees Fahr.) in 
a water-cooled steel mold. The regular mold dressing of bone black 
was used. The raw material consisted of electrolytic copper cathodes 
analyzing 99.97 per cent plus copper. 










PREPARATION OF TEST SPECIMENS 





The locations from which the specimens were taken are shown 
in Fig. 1. Each of the two ingots “A” and “B” yielded the same 
amount and the same types of test pieces. 
















The following list gives the specimens which each casting yielded: 


Nos. I, II, Specimens for tensile tests 

Nos. III, [V, Specimens for compression tests 

Nos. V, VI, VII, VIII, Specimens for impact tests 

Nos. IX, X, XI, XII, Specimens for conductivity and wire tests 

Nos. XIII, XIV, Specimens for density and hardness tests 

Nos. XV, XVI, XVII, XVIII, XIX, XX, XXI, XXII, Specimens for 


fatigue tests. 





As Fig. 1 shows, the axes of the slugs for the density and hard- 
ness tests and of the cylinders for the compression tests were per- 
pendicular to the axes of the castings, while the axes of all other 
specimens were parallel to the axes of the castings. The specimens 
were cut out of the ingots by sawing and milling operations and fin 
ished by machining and polishing. 
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The shape of the tensile specimens did not correspond to the 
American Society for Testing Materials standards with respect to 
their length. The sketch of Fig. 2 shows the size of the tensile bars. 
Their shape was governed by the size of the die available for the 
manufacture of the copper powder compacts of the main research 


wi irk. 








The test cylinders for the compression tests corresponded to the 
American Society for Testing Materials specifications for the short 
specimen type. The diameter of the specimens was 1.13 inches, the 
length 1 inch. The ratio between length and diameter was approxi- 
mately 0.9. 

The size of the impact test specimens was chosen in accordance 
with the specifications for the Izod impact testing machine used. The 
‘ross section of the bars was 10 x 10 millimeters, the length 75 milli- 
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meters. Each specimen was provided with two notches of standard- 


ized size and shape. The first notch was machined at a distance of 
25 millimeters from the one end, the other in a face, perpendicular to 
the first one, and at a distance of 25 millimeters from the other end 
of the bar. 













Fig. 2—Tensile Test Specimen. 


rhe specimens for the electrical conductivity and wire tests were 
similar over-all dimensions, i.e., 3 inches long and with a cross sec- 
tional area of 3 x % inch. 






After testing of conductivity the bars 
were cold-rolled to a square cross section of 0.0055 square inch, i.e., 
the rolling reduction was 96.5 per cent. The wires were then drawn to 
0.060 inch in diameter through a drawing plate with twelve orifices. 
The total drawing reduction was about 49 per cent. About one- 
third of each bar was used for such a production of wire by direct 
reduction, without any preheating or annealing, in order to show the 
extraordinary malleability and ductility of OF HC copper. The other 
part of each bar was worked down to wire according to the above 
procedure with one intermediate anneal after 41.5 per cent rolling 
reduction and one intermediate anneal after rolling and before draw- 
ing. /Half of the length of the final wires was cut off and again an- 
nealed, the other half was used for testing as hard drawn. Anneal- 
ing was done at a temperature of 550 to 600 degrees Cent. (1020 to 
1110 degrees Fahr.) in a small electric muffle furnace for one hour in 
a slightly reducing atmosphere of CO and CO,, produced by charcoal. 

The slugs for density and hardness tests were 1.13 inches in 
diameter and ¥% inch long. One slug per casting was strain hardened 
by compression at 45 tons per square inch when molded in a hard- 
ened steel die of the same diameter. 

The specimens for the fatigue tests had a special size as re- 
quired by the particular type of fatigue testing machine used. Fig. 3 
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shows a sketch of the fatigue specimen. The critical diameter was 
determined by the strength of the material tested, the magnitude of 
the computed stress, and the capacity of the machine. The critical 
diameters of the specimens were not the same and ranged from 
0.16 to 0.20 inch. The specimens were polished after machining in 
order to assure uniformity of finish and freedom from annular 
scratches. 


C= Critical diameter 





Fig. 3—High Speed Fatigue Test Specimen. 
TESTING EQUIPMENT AND PROCEDURE 


The machine used for the tension tests on the solid material was 
a Southwark-Emery hydraulic tension machine of 20,000 pounds 
capacity. During the tension tests the yield point was only roughly 
checked by observation of yielding of the specimens by means of a 
caliper. The per cent elongation in 2 inches was recorded. 

For the tension tests on the drawn wires a 1000-pound Amsler 
tension machine with pendulum weight adjustment was used. No 
yield point was determined. Wires with a gage length of 2 inches 
and also of 10 inches for both the hard drawn and the annealed 
types were tested for tensile strength and elongation. The gage 
length of 2 inches was used for comparison purposes with the powder 
materials of the main research work, the gage length of 10 inches was 
used to fulfill at least partly the A.S.T.M. standard specifications, 
namely with respect to annealed wires. The standard specifications 
tor hard drawn wires requiring a gage length of 60 inches could not 
be met, because of lack of material and testing facilities. For the 
determination of tensile strength and elongation on the wires the 
American Society for Testing Materials standard methods were used. 

The compression tests were made with a 600,000-pound South- 
wark-Emery tension machine with hydraulic drive. The load at 
which the first crack appeared on the outer shell surface of the cylin- 
ders was taken as first compressive strength, whereas the maximum 
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possible load which the specimens could take, was used for a second 
compressive strength. The changes in length and in diameter of the 
samples during the tests were observed by measuring the dimensions 
before and after testing. 

An Olsen Izod impact testing machine was used for the impact 
tests. The impact strength could be obtained by a direct reading 
from the dial of the machine. 








ZIINS 


vay 
Outside-Section 


Section 
















Fig. 4——Position of Test Cylinders in Raw Casting. 





The electrical conductivity of the copper bars was checked by 
means of a Kelvin Double-Bridge, the conductivity of the wires was 
tested by means of a Wheatstone Bridge. 

The density of the copper slugs was measured by pygnometer 
and checked against weight-volume measurements. The hardness 
was tested with an Alpha-3000-kilogram Brinell machine. A _ 10- 
mm. ball was used at a load of 500 kilograms, the load being applied 
for 30 seconds. The strain hardening compressions of the slugs 
were made with the aid of a hardened steel die and a hardened steel 
punch. A 50-ton Watson-Stillman press was used. 




















Fatigue tests were made on as-cast solid specimens in a high 
speed fatigue testing machine, type Wishart,‘ and on hard drawn 
wires in a wire fatigue testing machine, type Kenyon.® Both ma 
chines were operated according to the rotating beam principle at a 
speed of 9000 revolutions per minute. 


Test RESULTS 





Tensile Tests—Table I gives the data of the tensile tests on the 
as-cast specimens, and Fig. 5 shows a ruptured specimen with its 





‘“Effect of Overload on the Fatigue Properties of Several Steels at Various Low 
Temperatures,””’ by H. B. Wishart and S. W. Lyon, Transactions, American Society to! 
Metals, September 1937. 


5*The Rotating Wire Arc Fatigue Machine for Testing of Small-Diameter Wire,” by 
J. Kenyon, Transactions, American Society for Testing Materials, 1935, p. 156. 
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Table I 
Tensile Data of As-Cast OFHC 








Yield Strength Tensile Strength Per Cent Per Cent 

Pounds Per Pounds Per Elongation Reduction 

No. Casting Square Inch Square Inch in 2 Inches of Area 
[A A 14,000 23,200 43.6 55.0 
IB B 13,700 22,650 47.7 59.6 
ITA A 14,400 23,300 44.4 57.0 
IIB B 13,900 22,650 45.5 56.3 

Table Il 


Tensile Data of Hard-Drawn and Annealed OFHC Wires, 0.060 Inch 


Wires Proc-iced by Direct Reduction Without Intermediate Anneals 
——Gage Length of 10 Inches 





Gage Length of 2 Inches 
Tensile Strength 
Pounds Per 
Square Inch 





Tensile Strength 
Pounds Per 
Square Inch 


Elongation 
Per Cent 











Elongation 
Per Cent 





No. Casting Hard Annealed Hard Annealed Hard Annealed Hard Annealed 
IX A A 66,600 38,400 4.0 40.5 66,900 38,500 3.0 37.5 
IX B B 66,800 38.500 4.0 41.5 67,000 38,500 3.0 39.0 

XA A 66,900 38,300 4.0 42.5 67,000 38,600 3.5 40.5 

XB 3 66,900 38,500 4.5 41.0 67,100 38,500 3.5 39.5 
XI A A 66,400 38,300 4.0 41.5 67,000 38,400 3.0 38.5 
XIB B 66,400 38,400 4.5 42.0 67,100 38,500 3.5 40.0 

XITA A 67,100 38,500 5.0 44.0 67.200 38.500 4.0 41.0 
XII B B 67,000 38,500 4.5 42.0 67,000 38,500 3.5 40.5 
Wires Produced with Two Intermediate Anneals 
Gage Length of 2 Inches——,_ - Gage Length of 10 Inches _ 
Tensile Strength Tensile Strength 
Pounds Per Elongation Pounds Per Elongation 
Square Inch Per Cent Square Inch Per Cent 

No Casting Hard Annealed Hard Annealed Hard Annealed Hard Annealed 
IXA A 67,100 38,500 5.5 44.0 67,100 38,500 4.0 41.5 
IX B B 67,000 38,400 5.5 44.0 67,100 38,600 4.0 42.0 
XA A 66,900 38,400 5.0 43.0 67,000 38,600 4.0 41.5 
XB B 67,000 38,500 5.5 43.5 67,100 38,600 4.5 42.5 
XI A A 66,800 38,400 5.0 43.( 67,000 38,500 5.0 42.5 
XI B B 66,900 38,500 5.5 43.0 67,100 38,500 5.0 42.0 

XII A A 67,300 38,700 5.5 44.0 67,300 38,700 4.5 43.0 
XII B B 67,200 38,500 6.0 44.5 67,300 38,500 5.0 43.0 
Table Ill 
Compression Test Data of As-Cast OFHC 

Compressive Strength ; Increase 
in Pounds Per Square Inch Compression of Area 
No. Casting (First Crack) (Maximum Load) in Per Cent in Per Cent 
IIIA A 222,000 319,000 64.8 189.1 
IIT B B 219,000 314,000 64.8 193.2 
IVA A 225,000 327,000 64.6 196.8 
IVB B 227,000 333,000 66.6 212.3 
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fracture. The tensile data of the hard drawn and annealed wires are 
summarized in Table II. 

Compression Tests—Table III represents the data of the com- 
pression tests. Figs. 6 and 7 show the compression test cylinders 
before and after the test. Fig. 7 gives a picture of the typical shape 


Fig. 5—(Left) Ruptured OFHC Tensile Specimen. 
Fig. 6—(Right) Compression Test Specimen Before Testing. 


of all tested specimens. This odd shape finds its explanation in the 
way the specimens were cut out of the casting, as explained in the 
sketch of Fig. 4. This sketch symbolizes the cut perpendicular to 
the columnar grains of the casting. Macrostructures of the two 
flat surfaces of the compressed specimen, as shown in Figs. 8 and 9, 
prove this fact. 

Grain Structure—The macroscopic grain structure of the com- 
pressed cylinders are shown in Figs. 8 and 9. Investigations on the 
macroscopic grain structures of the Brinell test pieces in the as-cast 
and in the compressed condition are represented in Figs. 10, 11, 12 
and 13. 

The macrostructure of the two opposite flat surfaces and of a 
cut perpendicular to these planes of the Brinell slugs is shown in 
Figs. 10, 11 and 12. The sketch of Fig. 4 illustrates also for these 
specimens the location of the investigated sampies in the casting and 
shows the difference in grain size. In the inside section the trans 
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verse areas of grains are smaller than in the outside section. Fig. 13 
represents a longitudinal section through a test slug after compression 
in a die. As the shape of the specimen was not deformed by com- 
pression, because of the lack of free movement in the die, the longi- 
tudinal sections of the grains appear the same as for the as-cast 
specimens. 





Fig. 7—Compression Test Specimen After Testing. 


Fig. 14 shows the microstructure of an as-cast OFHC sample. 
No disharmony was found in comparison with the macrostructure. 
Very few pores, but no cuprous oxide inclusions could be detected. 
The macrostructures were developed with a 50 per cent dilute nitric 
acid and ammonium persulphate etching reagent, the microstructure 
with ammonia. 

Density Tests—Density tests were made on as-cast slugs and on 
slugs which were strain hardened by a molding compression. Table 
[V shows the data of the tests on both types of material according to 
the above mentioned methods. No marked difference between the 
two types of material could be detected. 

Hardness Tests—The results of the Brinell hardness tests are 
summarized in Table V and show a marked difference between the 
as-cast and the compressed material. 
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Fig. 8—Macrostructure of Compression Test Specimen After Testing. 
Inside Section. 

Fig. 9—Macrostructure of Compression Test Specimen After Testing. 
Outside Section. 





OXYGEN-FREE COPPER 


Fig. Macrostructure of Hardness Test Specimen (as Cast). Inside Section. 

Fig. —Macrostructure of Hardness Test Specimen: Longitudinal Section. 

Fig. 12—-Macrostructure of Hardness Test Specimen (as Cast). Outside Section. 

Fig. 13—-Macrostructure of Hardness Test Specimen After Compression in a 
Die. Longitudinal Section. 

Fig. 14—Microstructure of Hardness Test Specimen (as Cast). Longitudinal 
Section. X 100. 


Electrical Conductivity—Table VI gives the data of electrical 


conductivity tests on as-cast specimens and on hard and annealed 
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Table IV 
Density Test Data of As-Cast and of Compressed OFHC 






















Density Density 
Die (Pygnometric (Weight-Volume 
Compression Method) Method) 
in Tons Per in Grams Per in Grams Per 
No. Casting Square Inch Cubic Centimeter Cubic Centimeter 
XIII A A * 8.897 8.893 
XIII B B ne 8.904 8.909 
XIV A A 45 8.900 8.909 
B 45 8.910 8.914 











Table V 
Hardness Test Data of As-Cast and of Compressed OFHC 


Die-Compression Brinell-Hardness 


in Tons Per in Kilograms Pe: 

No. Casting Square Inch Square Millimeter 
XIILA A 5 38.0 
XIII B B ie 38.0 
XIV A A 45 50.0 
XIV B 50.0 





Table VI 


Electrical Conductivity Test Data of As-Cast OFHC and of Hard-Drawn and 
Annealed OFHC Wires 













Electrical Conductivity Electrical Conductivity of Wire 0.060 In.! 












of Cast OFHC Hard Drawn Annealed 
(x 10*) in (x 10*) in (x 10*) in 
Centimeters Centimeters Centimeters 
Per Ohms Per Ohms Per Ohms 
and and and 
Square (vs. Stand- Square (vs. Stand- Square (vs. Stand 
Centi- ard) in Centi- ard) in Centi- ard) in 
No. Casting meters Per Cent meters Per Cent meters Per Cent 
IX A A 57.0 98.3 57.4 99.0 58.9 101.7 
IX B B 57.2 98.6 57.5 99.2 58.9 101.7 
XA A 56.8 98.0 57.2 98.6 58.8 101.4 
XB B 57.0 98.3 57.5 99.2 58.8 101.4 
XIA A 56.9 98.2 57.3 98.0 58.9 101.7 
XIB B 57.2 98.6 57.5 99.2 59.0 101.8 
XII A A 57.2 98.6 57.6 99.4 59.0 101.8 
XII B B 57.3 98.8 57.7 99.6 59.1 102.0 





wires. During the manufacture of the hard drawn wires two inter- 
mediate anneals took place, and the soft wires had two intermediate 
and one final annealing operation. 

The conductivity testing results are uniform and do not show any 
dependence on the location of the original bars in the castings. All 
values are comparatively high if compared with previous investiga- 
tions.” 
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Impact Tests—The data of the Izod impact tests are repre- 
sented in Table VII. An impact bar after testing is shown in 
Fig. 15. A certain lack of uniformity of the test results can be 
seen, which is due to the way the specimens were cut out of the 
castings. The bars cut out of the outer shells had a higher impact 
strength than the bars of the inner zone, where the columnar grains 


Table VII 
Izod Impact Test Data of As-Cast OFHC 


Izod- Izod- 
Impact Impact lzod- 
Strength Strength Impact 
(Vertical (Horizontal Strength 

Direction) Direction) (Average) 

No. Casting Foot-Pounds Foot-Pounds Foot-Pounds 
VA A 33.6 33.0 33.3 
VB B 28.5 26.6 27.6 
VIA A 24.5 24.7 24.6 
VIB B 23.7 26.3 25.0 
VIIA \ 29.2 29.0 29.1 
VIIB B 28.8 31.6 30.2 
VIILA A 43.1 40.7 41.9 
VIIIB B 34.0 32.2 33.1 


| 
| 





were cut in smaller sections which provided more grain boundary 
areas. This result also is in accordance with results of impact tests 
on powder compacts, which were considerably lower with regard to 
the smaller grain size and the larger grain boundary areas of this 
material. 

Fatigue Tests—The graphs of Fig. 16 show S-N curves of 
fatigue test results as obtained from as-cast specimens and from hard 
drawn wires. The diameter of the wires was 0.033 inch. The cast 
specimens were rotated in the open, while the wires were rotated in 
a damping medium consisting of mineral seal oil. As means of com- 
parison the graphs also show the S-N curve of hard drawn OFHC 
copper as published by Rolle and Brace. The lowering of the 
fatigue limit of the wire samples is probably due to different surface 
and fiber conditions of the wires if compared with the results of the 
solid specimens. The wire for the fatigue tests was produced by 
direct reduction, i.e., without any heat treatment and annealing. 

Despite the difference in testing speed the author believes that 
the two S-N curves for the solid material are comparable. The two 
diagrams indicate a very distinct difference between the materials 
and this difference can by no means be laid entirely to difference in 
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testing speeds. The experience of other investigators, such as H. 
Moore and G. N. Krouse® have shown that high speed machines 
give an endurance limit 10 per cent different from that given by lo\ 
speed machines. It may be assumed, therefore, that the difference ; 
speed for the two types of copper tested would not produce 
greater effect than to increase the endurance limit of the cast copper 
tested on the high speed machine by about 10 per cent above that 
value it would have had if tested at 3000 revolutions per minute. 


Fig. 15—Ruptured OFHC Izod Impact Test Specimen 
CRITICAL ANALYSIS OF THE TEST RESULTS 


Tensile properties on as-cast OFHC and on hard drawn or 
annealed OFHC wires resulted in values which were well in ac 
cordance with previous investigations on the same matter, or with the 
American Society for Testing Materials standard specifications for 
copper wire.’ The results were uniform and independent from the 
location of the specimens in the original casting. 

The same is true for the compression tests. The rather unex 


6**Repeated-Stress (Fatigue) Testing Machines Used in the Materials Testing Laboratory 
of the University of Illinois,” by H. F. Moore and G. N. Krouse, Circular No. 23 of th 
Engineering Experiment Station, University of Illinois, XXXI, March 1934. 


7TAmerican Society for Testing Materials, Designations B1-27 and B3-27. 
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pected odd shapes of the samples after testing were caused by the 
particular way the specimens were machined out of the raw casting. 
and gave proof of the average values thus obtained. The influence of 
the die compression on the slugs was very slight with respect to their 
density as shown by the uniformity of the density tests. 


35,000 


| -e- Hard-Drawn Solid OFHC Copper 
faccording to Rolle « Brace) 


| | —e- Solid OF HC Copper, as Cast 
| | | ee Hard-Drawn OFHC Copper Wire 


50,000 


25,000 














Computed Stress, Lb per Sq. dn. 











Q1 Million 1 Million 10 Million 100 Million 1000 Million 
Number of Cycles of Reversed flexure 


Fig. 16—Fatigue Test Values of as Cast OFHC and of Hard-drawn OFHC 
and OFHC Wire. 


3rinell hardness tests, however, showed the influence of a mold- 
ing compression and strain hardening more clearly. The hardness 
values of the compressed specimens did not, however, reach hardness 
values of real strain hardened copper, submitted to free movement 
during a rolling or drawing operation. 

Macroscopic investigations of the grain structure could not re- 
veal any difference between the compressed and the as-cast specimens, 
which also was not unexpected because of the typical kind of strain 
hardening the specimens were submitted to. Otherwise the grain 
structure gave its typical large crystalline grain structure in macro- 
scopic and microscopic investigations. 

Tests on electrical conductivity gave slightly higher results than 
the tests of previous investigations on OFHC copper.* They showed 
a considerable increase in conductivity after annealing of the wires. 

Izod impact tests had somewhat inconsistent results and showed 
the influence of the location of the test bars in the original castings. 
The samples, in which the grains were cut in oblique sections, showed 
the highest impact strength. 

Fatigue tests on as-cast specimens resulted in a S-N curve much 
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lower than the one known of hard drawn solid OFHC copper. This 
may be due chiefly to the fact that tensile strength too is considerably 
lower for as-cast than for hard drawn copper. On the other hand. 
the ratio between the tensile strength of the hard drawn solid speci- 
mens of the Rolle and Brace investigation and the tensile strength oj 
the as-cast specimens of this investigation does not apply exactly to 
the ratio of the fatigue limits for the two types of material. The in- 
fluence of the speed of rotation of the test pieces may count partly 
for this disharmony, but probably will be only of minor importance. 

The S-N curve of hard drawn OFHC copper wire of 0.033 inch 
in diameter is slightly below the Rolle-Brace curve, which may be 
due to different surface conditions. Also the damping medium in 
which the wires were operated may contribute to the lowering of 
the endurance limit. 


ACKNOWLEDGMENT 


The above investigations were made as part of a dissertation for 
a Ph. D. degree in the Department of Metallurgy, School of Mines, 
Columbia University, New York. 

The author is indebted to the United States Metals Refining Co., 
for furnishing the raw material. He also is indebted to the Depart- 
ment of Metallurgy and to the Testing Laboratories in the Depart- 
ment of Civil Engineering of Columbia University for the use of 
equipment, and to the Hardy Metallurgical Co. for the permission 
to publish the results. 


DISCUSSION 





Written Discussion: By H. B. Wishart, metallurgist, Carnegie-Illinois 
Steel Corp., Gary, Ind. 

Mr. Goetzel in his paper has presented information that is of interest in 
a comparison of the physical properties of OFHC copper in the as-cast and 
drawn state. 

In Fig. 16 a comparison is made between the S-N diagrams obtained from 
as-cast and hard drawn solid copper. The diagram of the as-cast copper was 
obtained from specimens tested in a high speed fatigue machine while the dia 
gram of the hard drawn copper was obtained from specimens tested in a slow 
speed fatigue machine. The writer, from previous experience, agrees with 
the author that little error is induced by the difference in speed of testing 
There is, however, the possibility that greater error is caused by the com 
parison of metal of different casts. 
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The S-N diagrams show that the trend of the endurance limit is to in- 
crease with drawing of the copper. It is of interest to note the endurance 
ratios, ratio of endurance limit to tensile strength, of the copper in the three 
states. The ratios of the as-cast copper and the hard drawn solid copper 
were about 0.3 while the ratio of the hard drawn copper wire was in the neigh- 
horhood of 0.2. Such a difference in ratios shows that the endurance limit of 
the copper wire was much lower than the copper in its other two states when 
compared to the tensile strength. It would be of interest to know if the varia- 
tion in ratios was caused in any way by the difference in drawing or in the 
surface condition of the specimens tested. 

Written Discussion: By John N. Kenyon, instructor in civil engineer- 
ing, Columbia University, New York. 

Fatigue data cannot be properly evaluated without due consideration being 
given to the methods of test and to the mechanical treatments of the materials. 
It should also be kept clearly in mind that fatigue failures occur within the 
“elastic range” of the material and not in the “plastic range’ which is above 
the elastic limit. 

The Rolle-Brace curve, Fig. 16, was obtained with the Farmer machine 
and with a well polished fatigue specimen about 0.30 inch in diameter. Fatigue 
fracture was confined to the center of the specimen. Mr. Goetzel used the arc 
machine and an 0.037 inch diameter wire with the usual surface irregularities 
due to the drawing operation. The wire test specimen was subjected to nearly 
equal fatigue stress over a length of about 12 inches and fracture naturally 
occurred at some weaker point within this length. These considerations, to- 
gether with the fact that the two materials had somewhat dissimilar mechanical 
treatments justify a statement that the two curves check with reasonable 
accuracy. 


Oral Discussion 


L. W. Kempr:* I am sure we are indebted to Mr. Goetzel for initiating 
comparisons between castings and material from compressed powders and I am 
also sure that many will join with me in hoping that this comparison might 
be carried even somewhat farther to the investigation of some characteristics 
which have not been touched upon very extensively in the present paper; e.g., 
it would be interesting to know whether hard drawn or hard rolled copper 
shows the same recrystallizing characteristics when produced from a casting 
as when produced from compressed slugs. 

I must confess that there is a sentence in Mr. Kenyon’s discussion which 
is not entirely clear to me, perhaps because I have not given it enough thought. 
The sentence I refer to is the one which says: “It also should be kept clearly 
in mind that fatigue failures occur within the elastic range of the material 
and not in the plastic range which is above the elastic limit.” Of course I 
suppose we should go back and start with the definition of what the fatigue 
limit of such a material as copper is, but I will not try to do that. I think 
that all of us have encountered apparent endurance limits well above the elastic 


®Research metallurgist, Aluminum Company of America, Cleveland. 
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limit of the specific material being examined. I am more familiar with aly. 
minum than any other materials and, on the basis of 500 million cycles, we 
frequently encounter endurance limits well above the original elastic limit of 
the material. Of course it can be said that the fatigue limit was above the 
elastic limit of the material as it ended the test because under such circum. 
stances the material hardens during testing. At least that is my interpretation, 
but nevertheless Mr. Kenyon’s statement is somewhat ambiguous as it stands. 

SmpNEY Rotie:® I think from the experience we have had in making 
fatigue tests, such as have been referred to in Mr. Goetzel’s paper, that the 
previous history of the material used for the test specimen has a marked bear- 
ing on the results obtained. The S-N curve, according to Rolle and Brace. 
shows the result of fatigue test made in the conventional manner on hard 
drawn OFHC copper rod previously hot-rolled from wire bars. (The tensile 
strength of the copper tested was 56,750 pounds per square inch.) Rod mace 
in this manner very likely has a more homogeneous structure than that obtain- 
able by cold working cast material. As I understand it, Mr. Goetzel cold- 
rolled sections cut from the material we furnished him and then drew the cold- 
rolled rod into wire without preliminary or intermediate annealing. I am of 
the opinion that such procedure works the metal quite differently from when it 
is fabricated in the usual manner and, therefore, has a decided bearing on the 
results. 

I agree with Mr. Goetzel that high speed fatigue tests are quite good and 
the results fall within about 10 per cent of those obtained by standard methods 
On the other hand, results on individual test pieces and even results on groups 
or batches vary a great deal more than 10 per cent, so I should like to see the 
results of more extensive tests using a large number of specimens. I think 
these results will show that while the method of making the fatigue test, that 
is whether high speed or low speed, may be disregarded, the method of fabri 
cating the material should be taken into consideration. 

Joun N. Kenyon:” I would like to discuss briefly the endurance prop 
erties of copper in the light of service performance as a possible lead for fur- 
ther tests on these materials. A certain municipal railway is using OFHC 
copper for rail bonds and believes that in so doing service breaks have been 
eliminated. It is believed that the oxygen-free copper has higher endurance 
properties where there are vibrational effects and a corrosive environment. |! 
cannot vouch for the accuracy of the supposition, having made no tests, but | 
do believe that it suggests work along the line of corrosion-fatigue. 

At Columbia we test small diameter steel wire by the are method wherein 
the wire, bent to arc curvature, is rotated and vibrational effects dampened out 
in an oil bath. I have recently made tests on a group of small diameter stee! 
wires having various metallic coatings. When tested in oil, the fatigue curves 
of both the coated and the uncoated wires are very closely grouped. By sub 
stituting for the oil a mildly corrosive medium like distilled water, I got 
wide variation and the wire that had no protective coating showed by far th« 
lowest endurance limit. In other words, under noncorrosive conditions th 








*Assistant manager, The Scomet Engineering Co., New York, N. Y 
[Instructor in civil engineering, Columbia University, New York. 
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curves were closely grouped, but when there was a slight corrosive element 
present, they were widely scattered. 

Now if copper wire materials were tested by the arc method in an oil bath, 
we would no doubt obtain a closely grouped set of curves. Probably the 
oxygen-free copper would give a higher curve since any metal free of oxide 
should have better endurance properties. If the tests were made in some con- 
trolled aqueous solution, to simulate corrosive conditions, we might obtain a 
widely scattered set of curves. I believe that such a test would more nearly 
vive the true service qualities of these materials. I hope to make such a test 
within the next year. 


Author’s Reply 


Mr. Wishart’s question, whether the difference in the ratios of tensile 
strength and fatigue strength of the solid copper specimens, either as cast or 
hard drawn, versus the hard drawn wire is due to the different manufacture of 
the test specimens or due to different surface conditions, is quite interesting. 
It is very likely that both factors play an important part. On the one hand, 
as Mr. Rolle already pointed out, the manufacture of the wires was done by 
cold rolling and drawing directly without any annealing, whereas in the case of 
the Rolle-Brace investigation the specimens were reduced from much larger 
ingots, the common way, first by hot rolling and then by drawing with several 
intermediate annealings. Therefore, this difference might well account for 
the variation in the ratios of the different materials. I also agree with Mr. 
Rolle that it would be quite worthwhile and conclusive to repeat fatigue inves- 
tigations on larger style commercial material thus giving the base for better 
average data. On the other hand, however, the wire samples were generally 
more sensitive against slight surface imperfections, particularly due to the 
severe cold reduction of the tested material. These minute surface imperfec- 
tions easily might have caused a certain inferiority of the fatigue limit of the 
tested copper wire. 

Mr. Kenyon is quite correct in pointing out that in the case of the wire 
fatigue tests the specimens were subjected to a fatigue stress over a length of 
approximately 12 inches which, of course, provides a better chance that the 
fatigue failure starts at the weakest point of the sample. In the case of the 
solid specimens, however, the fatigue fractures were strictly confined to the 
center of the specimens, regardless of the degree of perfection of the remain- 
ing parts of the specimens. It also might be of interest to point out that the 
ratio of tensile strength and fatigue strength of the hard drawn Rolle-Brace 
specimens was only 0.30 against a ratio of 0.34 for the as-cast specimens of 
this investigation. This checks closely with the statement that the higher 
testing speed results in up to 10 per cent higher fatigue limits if compared 
with tests done with an ordinary slow operating machine. Disregarding this 
point it can be stated that the S-N curve for the cast specimens is by no 
means too low, but rather slightly too high or almost correct. Mr. Kenyon’s 
statement about the corrosion resistance of high-grade copper, such as our 


oxygen-free material, and about the beneficial influence of an oil bath as pro- 
te 


ting medium is very interesting and eliminates the assumption that the 
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damping medium used in this research might have lowered the results to 
certain degree. 

I agree with Mr. Kempf that it certainly would be very interesting to 
check recrystallizing characteristics of molded and compressed cast slugs and 
compare these results with the well known recrystallization phenomena of hard 
drawn or hard rolled copper. It is likely that there will be a marked differ- 
ence between the two types of hard worked materials with regard to their 
different performance under the work hardening pressure, i.e., with regard to 
their ability to move freely in the one case, but to be restricted from free 
movement in the other case. In reference to Mr. Kempf’s statement about the 
occurrence of fatigue failures above the elastic limit I incline to endorse him 
to a certain point, as otherwise it would not be clear to me why we reach 
rather high endurance characteristics with copper, in spite of the fact that the 
elastic limit of this material is remarkably low. 
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IDENTIFICATION OF INCLUSIONS IN STEEL BY THE 
USE OF REFLECTED POLARIZED LIGHT 


By M. A. ScHert, Mary BAEYERTZ, AND J. R. VILELLA 


Abstract 


This paper discusses the use of reflected polarized 
light in metallography. The method of examining metal- 
lographic specimens for inclusion identification is dis- 
cussed and a table of properties lists the distinctions to be 
observed in the more common inclusion minerals. 

The investigator is reminded of certain limitations 
in this method of identification and it is the object of this 
article to emphasize some of these in order that the full 
use of reflected polarized light may be realized in the 
correct interpretation of the results. 

The advantages of using reflected polarized light to 
distinguish inclusions are pointed out, such as distinction 
of opaque, translucent, and fully transparent inclusions; 
observations of isotropic or anisotropic behavior, and 
transmitted light color of translucent inclusions. 

The identification of -certain opaque inclusions 1s 
made more conclusive by a table of supplementary etching 
tests. 

The paper concludes with an up-to-date bibliography 
of the subject. 


INTRODUCTION 


HE use of reflected polarized light is a comparatively new tool 
Be metallography. Transmitted polarized light has been in use 
for some time to determine strain in transparent substances (photo- 
elasticity). The determination of the constituents in mineralogical 
thin sections by the use of polarized light is well known in tech- 
nological practice, and the science of mineralogy has thus far 
described 261 minerals as opaque, of which 93 are shown by the 
microscope to be either mixtures of minerals or doubtful species (1)*. 
The use of a polarizing microscope is no longer confined to the field 


iThe figures appearing in parentheses refer to the bibliography appended to this paper. 


Of the authors, M. A. Scheil is research metallurgist, department of metal- 
lurgical research, A. O. Smith Corp., Milwaukee; M. Baeyertz is assistant 
research engineer, Carnegie-Illinois Steel Corp., South Works, Chicago; and 
Joseph R. Vilella is associated with research laboratories, United States Steel 
Corp., Kearny, N. J. Manuscript received October 3, 1938. 
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of petrography due to the pioneer work of Dr. Emile Chamot.  [¢ js 
now used to advantage in the field of chemical microscopy (2), and 
slag investigations have been carried out and the mineral composition 
determined with its aid (27, 28). Research workers in various 
branches of science have given testimony to the possibilities of in- 
vestigation with this tool. Although the use of polarized light was 
recommended for the study of opaque substances as early as 1909 
by Konigsberger (3), it has not been used in metallography until 
quite recently. A few treatises have appeared from time to time 
dealing with reflected polarized light in the study of opaque ores and 
metals (4, 5, 6, 7, 8, 9, 10, 11, 12, 32, 33, 34). 

The use of reflected polarized light to identify opaque substances 
has not been as outstanding as the effects obtained with transparent 
materials. Until quite recently all of the polarizing microscopes for 
reflected light did not furnish truly linear but slightly elliptical 
polarized light in the plane of the object. The amount of this ellip- 
tical polarization was small but in some cases was sufficient to pro- 
duce abnormal extinction effects. Furthermore, the perfection oi 
polarization was disturbed by reason of numerous parasitical reflec 
tions and refractions, due to the lenses and vertical illuminator, which 
modified slightly the polarized cone reaching the analyser. Thus 
birefringent substances were not always totally extinguished and 
isotropic substances were not always absolutely black between crossed 
nicols (22), particularly if the latter were transparent or translucent. 
In recent years the vertical illuminator has been much improved in 
the homogenization of the field for observations between crossed 
nicols, and improvements in this direction are being continued (36 
to 49 inclusive). 

During the past six to seven years efforts have been made by) 
various investigators to apply polarized light to metallography, as a 
further means of identifying inclusions, structural components and 
phases. In the development of what is practically a new branch of 
science, it is not surprising that the results obtained by earlier in 
vestigators were not always in agreement. The investigations that 
have been reported (13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23) show 
the utility of polarized light in the study of nonmetallic inclusions. 

During the evolution of this new tool, for metallographic in- 
vestigation, research workers have realized that certain limitations 
must be placed upon its use in order to arrive at the correct interpre- 
tation of the results given. In order that the investigator shall not 
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obtain an erroneous identification of the inclusions to be studied, he 
should have in mind these limitations before attempting to make 
full use of reflected polarized light. He should also realize that this 
method, of itself, is often not conclusive and, therefore, should be 
used with the aid of, other methods of identification such as etching. 
The nature of the optical phenomena observed is dependent, to a 
significant extent, on the design of the optical system. 

In technological studies on steel, identification of inclusions 1s 
being actively studied, in the hope of accumulating more knowledge 
of the reactions that occur in a known practice. 

The original contribution in this field was the etching scheme 
by Campbell, Comstock and Wohrman for identifying various oxides, 
sulphides, silicates and other constituents by systematic etching tests 
and microscopic examination. 

This method is time consuming and in many instances difficulties 
are encountered with etching tests (18, 24), particularly for small 
and complex inclusions, so that it is desirable to accomplish as much 
as possible on the “as polished” surface. For this purpose illumina- 
tion by reflected polarized light with crossed nicols is finding much 
use. Examination of the polished inclusions in reflected polarized 
light minimizes surface reflections of transparent and translucent 
substances and permits the light which penetrates them to be observed 
where it emerges after internal reflections. 

The color of these reflections is the same as would be obtained 
on viewing the same inclusions by transmitted light, except in the 
case of substances of strong birefringence. In the latter instance 
the color of the reflected light may sometimes be modified by polariza- 
tion colors. The determination of the color of translucent inclusions 
is a valuable aid in identification. Information on the isotropy or 
anisotropy of the substances investigated may sometimes, although 
not always, be obtained. 

By this means a rapid and useful method has been developed 
for technical practice which distinguishes opaque, translucent, and 
fully transparent inclusions and which by means of color effects 
and birefringence is capable of supplying additional evidence. 


POLISHING THE INCLUSIONS FOR Microscopic EXAMINATION 


The preparation of the sample for the study of inclusions is of 
great importance to the success of the examination. There are 
several good methods of preparing the surface, and any method of 
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polishing which gives the following results 


should be entirely satis- 
factory: 


1. A smooth and level metal surface, 


2. retention of inclusions, and 








3. a satisfactory polish on the surface of the inclusions, free 
from scratches, distorted surface layers and films. 

The surface films produced in polishing inclusions have not gen- 
erally been established as influencing to a great extent the polariza- 
tion effects. However, the influence of surface films will become 
more important as methods and observations become more refined. 
The matter of surface films in polishing sulphide inclusions has been 
observed to be especially important. 









The sample for examination of 
inclusions may be mounted in bakelite or hard resin to facilitate 
hand polishing or automatic polishing of small specimens. The 
usual preliminary polishing steps are employed, such as coarse grind- 
ing and fine grinding on the metallographic dry papers No. 1, 0, 00 
and 000. Frequently, used 000 paper rubbed over with paraffin or 
graphite is employed. 





The use of graphite is cautioned against, at 
least for inexperienced polishers, as this practice frequently leads to 
embedded graphite in the surface layers of metal during polishing. 
Such embedded graphite, after final polishing with alumina or mag- 
nesia, may have the appearance of an inclusion and will appear 
anisotropic with crossed nicols. 







The final polishing is carried out on broadcloth laps using 
levigated alumina or magnesia. After final polishing it is important 
to properly clean and dry the prepared surface. Dried water spots 
produce bright areas under crossed nicols, and clumps of the polish 
ing media or dirt tend to sparkle on the otherwise opaque polished 


surface, and may lead to erroneous conclusions. 








It is not advisable 
to etch the prepared polished surface before microscopic examination, 
with polarized light, because the surface roughness produced by etch- 
ing causes scattering reflections which are confusing and may lead to 
grating polarization. 












Heat tinted specimens should not be used since 
such treatment may cause oxide films on the surface of the inclusions. 


MetHop oF EXAMINATION 
After proper preparation of the polished surface the section is 


first thoroughly examined under ordinary reflected white light to 
determine the size, shape, color by ordinary reflected light, and dis 
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tribution of the inclusions. The section is then examined with re- 
flected plane polarized light with nicols crossed. Two determina- 
tions are made, namely, the determination of the color by transmitted 


light and the examination for evidence of anisotropic behavior. 







PATH OF THE RAYs IN MICROSCOPES FOR USE WITH REFLECTED 
PLANE POLARIZED LIGHT 








The examination of inclusions with reflected plane polarized 
light may be made with the usual types of metallurgical microscopes, 
if accessory equipment with which to obtain and analyze the plane 








polarized light is added, and certain precautions are observed. Some 






manufacturers now make such equipment in holders especially de- 





signed to fit into the optical train of microscopes of their own 






manufacture. 
The usual source of light for a metallurgical microscope is an 






arc or filament lamp. Light from either of these sources may be 






considered as vibrating in all directions normal to the light beam. 





In order to obtain plane polarized light (vibrating in one direction 





only), it is necessary to interpose a polarizer in the light beam. The 





polarizer should be situated between the light source and the field 





stop or aperture stop. The polarizer should always be protected by 





a heat absorbing glass placed between it and the light, in the case of 





an arc lamp. With small incandescent lamps this is not necessary. 
nicol prism’, (the actual 





The polarizer, commonly termed 





prisms used are of the so-called Glan-Thompson type) is so. con- 





structed that when a beam of unpolarized light is passed into it, the 





resulting transmitted beam is plane polarized. The vibration direc- 





tion of the light emerging from the polarizer can be regulated by 





rotating the polarizer around the axis of the optical train. The 
polarizer should be rotated until its vibration direction is either 
perpendicular or parallel to the axis of tilting of the reflector in the 
vertical illuminator, and then be kept in that position during micro- 
scopic observations. If the polarizer deviates only a fraction of a 










degree from this position, elliptical polarization will be introduced. 

From the vertical illuminator, usually a prism of special design, 
the plane polarized light is projected through the objective to the 
specimen surface from which it is reflected into the microscope to 








the eyepiece which forms the visible image. Before being viewed 
at the eyepiece, the light reflected from the specimen is passed 
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through an analyser. The analyser may be placed between the vertical 
illuminator and the eyepiece or a cap nicol, placed over the eyepiece, 
may be used instead. 

The analyser functions in a similar manner as the polarizer, 
Thus only plane polarized light which vibrates in the direction of the 
analyser can pass through it. When the vibration direction of the 
analyser is set at 90 degrees to the vibration direction of the polarizer, 
the nicols are said to be “crossed”. With crossed nicols the plane 
polarized light which passes the polarizer, if reflected unchanged to 
the analyser, cannot pass the analyser and the field of view is dark. 
If the character of the polarization is altered, i.e., if the plane polar- 
ized light becomes elliptically polarized, or the vibration direction 
of the polarized light is changed, then light will pass the analyser. 

Change in the character of polarization and resolution into com- 
ponents of the vibration direction of plane polarized light can be 
caused by reflecting surfaces in the optical train, so it is advisable to 
eliminate them or place them so that the minimum effect is obtained. 
Rotation of the specimen should be obtained by rotating the stage on 
which the specimen is fixed. For this purpose the microscope should 
be equipped with a rotatable stage, preferably graduated in degrees. 
Cross haired eyepieces, representing planes of vibration of the nicols, 
are very desirable. 


BRIGHTNESS, COLOR AND SURFACE ANOMALIES 


Brightness or transmitted light color may usually be observed 
in a few inclusions if a number are present and if the inclusions are 
transparent or reasonably translucent. 

The transmitted light is observed because incident plane polar- 
ized light is refracted into and transmitted through the translucent 
inclusions and is reflected from the inclusion-metal interface, from a 
crack in the inclusion upon which back reflections can take place, or, 
in inclusions which contain more than one phase, from the phase 
boundaries within the inclusion. The light coming out from the 
inclusion is no longer plane polarized as it was before entering the 
inclusion. Random reflections from the inclusion-metal interfact 
and other internal interfaces cause the character of original plane 
polarized light to be changed so that light passes the analyser. This 
darkfield effect has no connection with anisotropism (both isotropi 
and anisotropic substances show it) and particular care should be 
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taken not to confuse it with anisotropic behavior. If the nicols are 
parallel, appearance of the inclusions is similar to that observed by 
ordinary reflected light. The general illumination from the incident 
beam as reflected from the polished metal surface is so great that the 
much weaker transmitted light from the inclusion cannot be observed 
or is seen only indistinctly. This small amount of light from the 
internal reflection through the inclusion may be seen by crossing the 
analyser nicol, which efficiently removes the surface reflected light 
and if the inclusion is sufficiently translucent its transmitted color 
can be identified provided that the birefringence of the inclusion 
mineral is not high. Under certain conditions of internal reflection 
in minerals of high birefringence, the colors observed with crossed 
nicols are interference colors rather than the transmitted light color 
of the mineral. If the substance is translucent the transmitted light 
color may be complicated, with certain anisotropic inclusions, by 
reason of high absorption for certain wave lengths which vary in 
certain crystallographic directions of crystalline inclusions (reflec- 
tion ple wchroism ). 

Aside from these confusing effects in certain anisotropic inclu- 
sions, the determination of the transmitted light color depends on the 
following factors: 

1. The dimensions of the inclusion, 

2. the orientation of the reflecting surface with respect to the 
vibration planes of the nicols, 

3. the translucence of the inclusion, 

4. the method of polishing (freedom from polish-film, scratch- 
es, and differences in level of different constituents ), 

5. the crystallographic orientation of any anisotropic crystals 
in the inclusion from which internal reflection takes place, and 

6. the numerical aperture and type of objective. 

Thus reflection through a relatively thin layer of a highly trans- 
lucent substance from a metal-inclusion interface or, in inclusions 
which contain more than one phase, from a highly reflecting phase- 
translucent phase interface will give the maximum reflected light for 
observation, provided that the reflecting surface is properly placed 
with respect to the vibration directions of the nicols. The difficulties 
of determination of the transmitted light color increase markedly as 
the translucence of the inclusions decreases. An objective of high 
lumerical aperture sometimes alters the apparent brightness and 


olor of the inclusion regardless of whether it is translucent or 
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opaque. This is probably due to the fact that less of the plane polar- 
ized light can be reflected unchanged, because of the possibility of 
introducing elliptical polarization caused by objectives used for high 
magnification. The light gathering properties of the high numerical 
aperture lenses make any particular inclusion, only slightly translu- 
cent, appear brighter than with lower numerical aperture lenses. 
With opaque inclusions, especially, immersion objectives modify the 
apparent reflectivity. The apparent reflectivity increases as the dif- 
ference between the refractive index of the inclusion and the refrac- 
tive index of the surrounding material increases. Portevin and 
Castro (18) have observed that examination under a dry objective 
generally gives more violet-shaded colors than an immersion objec- 
tive does. At times the dimensions of the inclusion and the surface 





















































polish offer disturbing effects to a proper identification. In certain 





very hard inclusions of small dimensions, their surface is not always 
polished plane and is frequently convex. When examined by re- 
flected polarized light, diffraction and depolarization phenomena are 
set up at the edge of the inclusion. Likewise, pits and scratches on 
isotropic surfaces improperly prepared can produce effects which 
may be mistaken for anisotropic behavior. 


























Heat tinting, etching or other surface coloring to produce con 





trast by affecting the metallic surface is not recommended for ex- 
amination in reflected polarized light as these methods can produce 








oxide filming on the surface of the inclusion, causing polarization 





phenomena. This can alter the original plane of vibration of the 








incident plane polarized light to produce psuedo-anisotropic effects. 
A. M. Gaudin (25) has used a method of selective iridescent filming 
to identify opaque minerals in ordinary reflected light. 















ANISOTROPIC BEHAVIOR 


Examination of the inclusions by reflected polarized light be 
tween crossed nicols may enable the investigator to distinguish the 





isotropic vitreous (no crystal system) and crystalline substances 
(cubic system) from the anisotropic substances (all other crystalline 
systems). A cubic crystal is the same in all dimensions, having 














equal axes while other systems have either unequal dimensions of 
axes or inclined axes so they are not the same when looked at in 
different orientations. 











Substances showing one index of refraction are called isotropi 
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and regardless of their orientation they appear to have no effect upon 
the light which enters them, other than single refraction and the 
absorption giving rise to their transmitted light color. Examples of 
isotropic substances are those which crystallize in the cubic system 
(including most metals), and those which can be classified as 
amorphous, (glasses). 

Anisotropic substances exhibit more than one index of refrac- 
tion, i.e., anisotropic materials possess the property of resolving the 
vibrations of light which enters them into component vibrations which 
are plane polarized but vibrate in different planes and travel at differ- 
ent rates through the crystal. The directions of the reflected planes 
of light which correspond to the planes of vibration in an anisotropic 
substance are sometimes called “axes of elasticity” or “vibration 
axes”. The difference between the indices of the rays gives the 
strength of birefringence and is characterized as strong or weak. 
The identification of anisotropy in inclusions of weak birefringence, 
that are transparent or translucent, is especially difficult owing to the 
disturbing effects of internal reflection. Thus, materials of weak 
birefringence appear to behave the same as isotropic ones under re- 
flected polarized light with crossed nicols. Opaque isotropic inclu- 
sions will remain dark in all positions when the specimen is rotated 
in the plane of its polished surface, the reason for this being that the 
plane polarized light suffers no change in its state of polarization 
when reflected vertically from any plane surface of the isotropic 
substance. Thus the direction of vibration is unchanged and if the 
nicols are crossed the reflected light will be extinguished by the 
analyser. 

Anisotropic substances, when examined with completely linearly 
polarized reflected light, disturb the condition of the plane polarized 
light beam reflected vertically by their surface. These disturbances 
may show themselves in two ways. Most important of these changes 
is the resolution into components of the plane of vibration. Due to 
this resolution into components the reflected light will have a com- 
ponent in the vibration direction of the analyser and some light will 
pass through it. Rotation of properly oriented crystals of the 
anisotropic substance will cause the reflected light to vary from 
extinction to maximum brightness four times in 360 degrees rotation 
of the stage, in contrast to opaque isotropic substances which remain 
lark between crossed nicols during a 360-degree rotation. Only in 
he positions in which the principal directions of vibration (axes of 
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optical elasticity) of the anisotropic surface coincide with the vibra- 
tion directions of the nicols will there be extinction. At these posi- 
tions there is no resolution into components of the plane of vibration 
of the reflected light. 

The incoming linear polarized light can also be reflected as 
circular or elliptical polarized light, two special cases of the resolu- 
tion into components, which is produced because of the birefringence 
of the material. These are the principal disturbances which cause a 
change in the nature of the polarized light if brightness of the beam 
has been restored. These two effects can be distinguished from each 
other by means of compensators which can be added between the 
polarizer and analyser. The function of the compensator is to intro- 
duce any desired phase difference into polarized light. A quartz 
wedge is an example. Thus by means of compensators, polarized 
light with any amount of ellipticity may be changed to plane polarized 
light which is the only type of polarized light capable of being entirely 
absorbed by the analyser nicol. 

These disturbances of the plane of vibration can vary in regard 
to the degree to which they can be evidenced so that we observe a 
strong or a weak birefringence. 

The magnitude of these effects in most cases is rather small, 
particularly with inclusions exhibiting weak birefringence, so that it 
is of great importance that the incoming polarized light be wholly 
plane polarized, as otherwise any small elliptical polarization effect 
from the inclusion may be missed, and the absence of observable 
anisotropic behavior under crossed nicols will not indicate that the 
inclusion may be actually isotropic. Translucent anisotropic mate- 
rials will show four extinctions, however, if not so fine-grained as 
to show continuous brightness. This abnormality in behavior has 
been observed in steels containing crystalline inclusions of alumina. 
These are hard and brittle and are difficult to polish. Often the 
individual grains are dislodged during polishing and produce the 
comet-tailed scratches. When these inclusions are examined under 
crossed nicols they are bright but show no difference in brightness 
when the sample is rotated on the stage. This anomalous behavior 
is thought to be due to scattered reflection of light (darkfield effect ) 
at the places where minute particles had been torn out from the in 
clusions (20). By reason of this scattered light producing a general 
illumination of the particles, the inclusions do not extinguish when 
rotated, as they should from their hexagonal structure. For similar 
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reasons these inclusions, when well polished and of crystalline form, 
may remain bright during rotation of the stage with crossed nicols, 
because the crystals are small, highly translucent, and are usually 
backed by a metal-inclusion interface which is very irregular in con- 
tour so that in any position of the stage there is some part of the 
interface in such a position that it will reflect light which can pass 
the analyser. 

In all aluminum deoxidized steels there are a variety of inclu- 
sions which may be formed ranging from globules, which may be 
fluxed with FeO and silicates, to hard Al,O, particles which show 
rough crystal outline. Contamination of alumina with FeO appar- 
ently does not cause the alumina to become opaque unless the melt 
is oxidized. In melts high in FeO, to which a small amount of 
aluminum has been added, there is a range in which the inclusions 
formed are black globules (26), small but larger than the ordinary 
alumina particles, and which show evidence of having been liquid at 
some time after their formation. These are ferrous aluminate inclu- 
sions in various stages of fluxing with the ferrous oxide and are of 
opaque isotropic nature (19). 

It has been shown that a translucent birefringent substance can 
produce anisotropic behavior in two ways. One of these is the be- 
havior of the substance toward the plane polarized light which 1s 
transmitted through the inclusion and reflected from the metal-inclu- 
sion interface, a crack in the inclusion or, in inclusions which contain 
more than one phase, from a phase boundary. Any true anisotropic 
behavior thus observed by transmission is superimposed on the de- 
polarization by reflection from these interfaces. Unless the bire- 
fringence is fairly strong these effects are usually not noticed. The 
effects of birefringence can be effectively separated from depolariza- 
tion by reflection from the reflecting interfaces only when the inclu- 
sions are of reasonable size and translucence, have a fairly strong 
birefringence and have well developed crystal faces which are both 
properly oriented with respect to the optic axis or axes of the crystal 
and lie in a plane perpendicular to the reflected plane polarized beam. 

It has also been shown that an inclusion can exhibit a body color 
due to light transmitted by it and a polarization color due to aniso- 
tropic effects in surface reflection. Furthermore, if both are present, 
the one that has the greatest intensity will predominate. Therefore, 
if an inclusion is observed to have a certain color, rotation of the 
tage will differentiate between body color and polarization colors or 
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pleochroic reflection, but not between surface polarization, inte: 
birefringence, and pleochroic reflection. If the color is transmitted, 
(the true color of the translucent inclusion), rotation will not affect 
it. If the color is due to anisotropic behavior, either surface or 
interior, the brightness will vary with the orientation upon rotation 
of the stage. The color may be of the primary Newton Series or 
the secondary or some higher order depending on the birefringence 
and thickness of the material producing the vibration. 


























Dayton (16) shows that small or large particles of cuprous oxide 
in copper will appear to have a light blue color (their true “surface 
color”) under ordinary reflected light. By reflected plane polarized 
light small particles of cuprous oxide show a ruby red color, which 
is the body color of this oxide in transmitted light. This effect has 
been observed by several investigators, notably von Schwarz (35) 
who has published photomicrographs in natural colors. On examin- 


























ing a thick section of cuprous oxide, only parts that were in frag 
ments showed the transmitted red color. All the thicker sections 
were dark under reflected polarized light because of absorption of 
any light which entered them. The cracks in the oxide formed sur- 
faces for back reflections which enabled the transmitted light color 
to be obtained. Further, it was determined, by rotation of the stage, 
that the color in polarized light changed with the position of the stage 
and the crystals therefore were anisotropic. Cuprous oxide inclu 





























sions in copper were thus shown to exhibit an anisotropic effect which 
is obscured by the much greater intensity of the transmitted color of 
the translucent inclusions. 














Dayton believes that the anisotropic behavior of cuprous oxide 
inclusions is due to the formation of a surface layer of cupric oxide, 








caused by oxidation in the atmosphere, which is anisotropic. For 





this/ reason, indications of surface anisotropy do not always qualify 





the inclusion as an anisotropic substance. The possibility of a sur 








face film should be realized as a certain limitation which must be 
placed upon the correct interpretation of the result. Others have 
ascribed similar effects to surface phenomena, notably Beilby (30) 














who worked with sodium nitrate crystals on polished cleavage planes. 





Another anisotropic effect, commented on by Portevin and 
Castro (18), should be mentioned. They refer to glassy or trans 
parent vitreous globular isotropic inclusions which have been elon 
gated by hot working. These inclusions when polished tend to show 
a pseudo-anisotropic appearance in polarized light. The elongated 
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inclusions light up and are extinguished four times for each revolu- 
tion of the microscopic stage, the positions of extinction being those 
where the axis of elongation of the inclusion coincides with the planes 
of vibration of the nicols, and the positions of illumination being at 
45 degrees from .these axes. The direct interpretation of this 
anomalous behavior, between crossed nicols, of a transparent vitreous 
inclusion elongated by rolling may lead the observer to think that 
the inclusion is anisotropic. The existence of anisotropic character 
should not be based on observations of thin elongated inclusions. 


[soTROPIC KEHAVIOR 


Opaque isotropy has already been discussed under anisotropic 
behavior. Examples of opaque inclusions showing isotropic behavior 
are ferrous oxide inclusions in rimming steels and in Armco iron. 
These inclusions are rarely pure FeO and are usually mixtures, as 
FeO-MnO, and contain sulphides. Manganous sulphide inclusions 
usually contain some FeS and are generally opaque. Manganous 
oxide inclusions are rarely pure and contain ferrous oxide. These 
are usually opaque but with increasing MnO the transparency be- 
comes more pronounced and the color changes. Such inclusions may 
show distinct green to brown color. 

Translucent to opaque inclusions exhibiting isotropic behavior 
may be bright or colored at one or more positions during rotation of 
the stage. Many isotropic inclusions may also show alternate bright- 
ness and darkness as the result of the orientation of the reflecting 
interfaces with respect to the vibration planes of the nicols. This 
effect has been mistakenly ascribed to strain by some authors and 
referred to as a strain-anisotropic condition. 

Chromite (FeO-Cr,O,) is an example of an inclusion which 
may possess slight transparency when very thin. The material 1s 
isotropic and the transmitted color is red with polarized light. 
Thicker inclusions may be entirely opaque. 

Fully transparent and translucent globular glassy inclusions in 
metals are generally isotropic and in polarized light exhibit the dark 
cross phenomena. Such inclusions are usually rich in silica and are 
isotropic. However, of the crystalline inclusion phases which con- 
tain silica, some are isotropic and some anisotropic. 

The dark optical cross, frequently observed in spherical glassy 
silicate inclusions in cast or weld metal, when observed with reflected 
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plane polarized light crossed nicols, is not a distinctive property of 
silica glass. The black cross remains stationary with respect to the 
cross hairs in the microscope when the stage is rotated and the bright- 
ness of the inclusion does not alter during 360 degrees rotation. This 
is due to reflection polarization at the inner metal surface. The con- 
tour and character of the reflecting interface between the inclusion 
and the metal must be smooth. Any roughness of the reflecting sur- 
faces causes a destruction of the effect because of random reflections 
introduced by this roughness. The only part which the glassy inclu- 
sion plays is to be isotropic and of such translucence that it does not 
interfere with these reflections. Gas pockets, voids or holes of 
similar shape, if the air-metal interface is untarnished and smooth, 
give similar effects. Therefore, the observer should be sure an in- 
clusion is present before making the assumption that a globular, clear, 
transparent silica glass exists. 

Of more significance, however, is the transmitted light color from 
these glassy inclusions. For instance pure silica inclusions rarely 
occur in deoxidized steels and in nearly all cases are mixtures of 
silicates such as manganous and ferrous silicates. The globules vary 
in color according to the degree of deoxidation of the steel. Those 
consisting of pure or nearly pure silica are clear and colorless. How- 
ever, very small quantities of iron oxide are sufficient to give them a 
red color, while larger quantities make them opaque. Larsen (26) 
has stated that it is doubtful that TiO, or CrO inclusions ever occur 
free from considerable amounts of FeO or SiQ.,,. 

In examining glassy inclusions in weld metal Hoyt and Scheil 
(17) have observed transmitted colors in globular cast silicates that 
exhibited the optical cross and have associated this coloration by 
reflected plane polarized light with crossed nicols to contamination 
with certain metallic oxides that are miscible in the silicates. ‘Milky’ 
appearance in glassy inclusions can be caused by the presence of two 
or more phases in finely divided state, because of precipitation within 
the glass on cooling. One of the phases must be translucent but, 
aside from this one condition, the physical state of aggregation of 
the phases and their relative amounts in the inclusion are much more 
influential in causing this effect than the character of tme phases 
themselves. 

The transmitted colors of these glassy inclusions show wide 
ranges of variation in both color and translucence depending on thet 
composition. For instance, chromium silicates, which are trans 
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parent, may show a green to orange color, the green silicates being 
richer in chromium and the orange or brown silicates richer in iron. 
Korber and Oelsen (29) have reported that certain vitreous chro- 
mium slags were dark blue in color, the color being caused by small 
amounts of CrO. , Manganous and ferrous silicates may be colored 
a reddish brown to a dark green or greenish brown. Calcium silicate 
inclusions when free from other contaminating oxides are “milky”. 
Thus it becomes evident that the transmitted color of the glassy 
silicate inclusions may indicate to the observer the presence of other 
contaminating oxides which may be useful as a means of determining 
steel quality by a rapid examination of the inclusions. Conclusions 
drawn from observations of this kind should always have the knowl- 
edge that has already been obtained through complete chemical 
analysis. This should include a quantitative description of the oxide 
inclusions which will then make it possible for the observer to dis- 
tinguish the contaminated silicates. 


IDENTIFICATION TESTS FOR INCLUSIONS 


The following scheme of identification contains tables of proper- 
ties of substances which may be encountered as nonmetallic inclu- 
sions in the examination of steels and irons. It should be noted that 
inclusions in metals rarely consist of a single pure component and 
their properties are therefore unlikely to coincide precisely with those 
of the minerals to which they are related. Further, the methods 
just described for the examination of polished metallographic speci- 
mens are sometimes incapable of distinguishing some of their optical 
properties. For more detailed information on the minerals given in 
the tables, and for information on other possible “inclusion minerals”, 
the investigator is referred to (50, 51, 52). 

The minerals described, however, will help to identify inclusions 
on the basis of optical character. Certain inclusions derived from 
refractories occur as minerals and the use of these tables will help 
to identify such inclusions which might be identified as other sub- 
stances if the scheme for etching identification tests were used alone. 

The tables also include the characteristics, which may be ob- 
served by reflected plane polarized light with crossed nicols, of inclu- 
sions in steels and irons similar to the composition of the minerals. 

The properties of the minerals described in the tables (a) to (f) 
inclusive are for minerals of the particular allotropic modification as 
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stated and do not correspond in all cases to the properties of inclu- 
sions that may occur in steels and irons of quite similar chemical 
composition. 

For the convenience of the investigator an etching scheme is also 
included to enable the identification of certain opaque oxides fre. 
quently encountered as well as other isotropic substances which can 
sometimes be identified by their color and shape and can be further 
distinguished by their etching characteristics. 

The investigator should make all of his observations by reflected 
plane polarized light with crossed nicols, first, before applying the 
etching tests to his sample for identification purposes. 

Proper use of the scheme should employ the following procedure ; 

1. Examination of the inclusions “as polished” with ordinary 
reflected white light at X 200, X 500 or X 1000; to observe the size, 
shape, reflected light color, and distribution of the inclusions. 

2. Selection of several representative fields for further investi 
gations by reflected plane polarized light with crossed nicols for 
observation of isotropic or anisotropic behavior, opaqueness or trans 
lucency, and transmitted light color. 

3. Complete identification of opaque inclusions and _ others 
when in doubt with appropriate etching tests. 

The authors wish to acknowledge their appreciation of the 
valuable comments and suggestions offered by the following parties 
in the preparation of this article. Messrs. L. V. Foster and J. E. 
Wilson, Bausch & Lomb Optical Company; Prof. John Chipman, 
Massachusetts Institute of Technology; Prof. C. W. Mason, Cornell 
University; Dr. J. H. G. Monypenny, Brown Bayley’s Steel Works, 
Ltd.; Prof. A. M. Portevin and Dr. R. Castro, Paris; Prof. R. A. 
Ragatz, University of Wisconsin; Dr. P. Schafmeister, Fried-Krupp, 
Aktien Ges.; Carl Zeiss, Inc.; Mr. H. W. Zieler, E. Leitz, Inc.; and 
the members of the A.S.M. Handbook Committee. 


Distinctions To Be Observed For The Identification Of Inclusions In 
Steels And Irons With Reflected Polarized Light 





(1) Name and Formula 
(a) Crystal system 
(b) Melting point 
(Cc) 
(d) Color by reflected white light 


Hardness ( Mohs’ Scale ) 
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(e) Color by transmitted white light (plane polarized light 
crossed nicols). 

(f{) Index of refraction 

(g) Common occurrence 

(h) Remarks 


Inclusion Minerals Which Always Remain Dark 
During 360 Degrees Rotation 


Ferrous Oxide, wustite, FeO 


(a) Isometric 

(b) 1360 degrees Cent. (2480 degrees Fahr.) 

(Cc) §.5-6.5 

(d) Medium grey 

(e) Opaque 

(g) In scale, and as more or less rounded single phase globules, 
in rimming and similar steels low in silicon and manganese. 

(h) Somewhat malleable at S R T (steel rolling temperatures ). 


(2) Magnetite, FeO-Fe,O, 


(a) Isometric 

(b) 1327-80 degrees Cent. (2421-2516 degrees Fahr.) 
(c) 5.5-6.5 

(d) Light grey 

(e) Opaque 

(g) In scale 

(h) Not malleable at S R T 


(3) Titanium Nitride, TiN 


(a) Isometric 

(c) 9-10 

(d) Yellow 

(e) Opaque 

(g) In steels and irons treated with ferrotitanium. 

(h) Not malleable at S R T. May contain TiC in solid solution. 
Color in reflected white light varies from yellow to pink 
to violet with increasing carbon content. Pink sometimes 
called cyano-nitride. The inclusions are strongly angular 
and easily pitted in polishing. 


(4) Zirconium Nitride, ZrN 


(a) Isometric 
(b) 2950 degrees Cent. (5342 degrees Fahr. ) 








(e€) 


(d) Yellow 
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Opaque 


(g) In steels and irons treated with ferrozirconium. 


(h) Not malleable at S R T. 


May contain ZrC in solid solu- 
tion which produces varying colors by reflected white light: 
Orange, brown, violet, blue. The inclusions are strongly 
angular and they may be distinguished from TiN by etch- 


ing tests. They are softer and easier to polish than TiN, 


(5) Vanadium Nitride, VN 


(a) 
(b) 
(c) 
(d) 
(e) 


(g) 


Isometric 

2000 degrees Cent. (3632 degrees Fahr.) 
9-10 

Pink 

Opaque 

In vanadium steels. 
nitride. 


Inclusions resemble titanium cyano- 


Translucent Isotropic Inclusion Minerals 


(1) Manganous Oxide, Manganosite, MnO 


(a) 
(b) 
(c) 
(d) 
(e) 
(f) 
(g) 


(h) 


Isometric 
1700 degrees Cent. (3092 degrees Fahr.) 

5-6 

Very dark grey 

Green 

N = 2.16 (Li) 

In steels and irons high in manganese which have not been 
deoxidized with other more effective deoxidizers, e.g. alu- 
minum and silicon. 

Somewhat malleable at S R T. 
less FeO in solid solution. 


Usually contains more or 
Color by reflected white light 
changes from dark grey to medium grey with increase in 
FeO. Color by transmitted light changes from green to 
red or brownish red to opaque with increase in FeO. 


(2) Manganous Sulphide, Alabandite, MnS 


(a) 
(b) 
(Cc) 
(d) 
(e) 
(f) 


Isometric 

1620 degrees Cent. (2948 degrees Fahr.) 
3.5-4 

Medium grey 

Green 


N = 2.70 (L1) 
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(3) Iron 
(a) 
(b) 
(c) 
(d) 
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Steels and irons except those with very low manganese 
content. 

Very slightly malleable at S R T, malleability increases 
with increase in FeO in solid solution. Usually contains 
FeS in solid solution. In stainless steels probably also 
contains Cr in solid solution. Color by reflected white 
light changes from medium grey to greyish white, with 
pearly luster, with increase in FeS. Color by transmitted 
white light changes from green to greenish yellow or 
brown to opaque with increase in FeS. 

Aluminate, Hercynite, FeO- Al,O, 

Isometric 

Above 1700 degrees Cent. (3092 degrees Fahr.) 

7.5-8 

Medium to dark grey 

Colorless, green, yellow brown, reddish brown, opaque 
when rich in iron oxides. 

N = 1.80 

In steels and irons treated with aluminum and in some 
inclusions derived from refractories. 

Not malleable at S R T. Change in color and translucence 
due to solid solution. Opaque varieties are lighter grey by 
reflected white light. Frequently occurs as equiaxed euhe- 
dral crystals. Not as difficult to polish as inclusions rich 


in Al,O,. 


(4) Chromite, FeO-Cr,O, 


(a) 
(b) 
(Cc) 
(d) 
(e) 
(f) 


(g) 
(h) 


Isometric 

Above 1780 degrees Cent. (3235 degrees Fahr.). 

5.5 

Medium grey 

Red, reddish brown, yellowish brown, or opaque depending 
on the thickness. 

N = 2.07-2.16 

In steels and irons which contain chromium. 

Not malleable at S R T. Frequently occurs as equiaxed 
euhedral crystals, and also observed to be of eutectic 
nature. These inclusions are easily polished. 


(5) Silica Glasses 


(a) 
(b) 





Non-crystalline 
Variable 
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(c) Approximately 7 

(d) Light to very dark grey, sometimes with bright internal 
reflections. 

(e) Colorless or all colors depending on contamination with 
other oxides. 

(f) Variable 

(g) In steels and irons which contain silicon which have not 
been thoroughly deoxidized with other more effective de- 
oxidizers, e.g. aluminum; and in some inclusions derived 
from refractories. 

(h) Varying degrees of malleability at S R T. May be more 
or less milky because of precipitation of other minerals in 
finely divided state within the glass on cooling. In cast 

or weld metals transparent spherical glassy silicates exhibit 

the dark optical cross by transmitted white light. 


Opaque Minerals Showing Anisotropic Behavior 


(1) Ferrous Sulphide, Troilite, FeS 

(a) Hexagonal 

(b) 1180-1190 degrees Cent. (2156-74 degrees Fahr.) 

(c) 3-4 

(d) Light tan or yellow 

(e) Opaque 

(g) In steels and irons very low in manganese 

(h) Malleable at S R T. Under reflected plane polarized light 
with nicols crossed, properly oriented grains show four 
extinctions in 360 degrees. 


Translucent Anisotropic Minerals with Weak Birefringence 


(1) Alumina, Corundum, Al,O, 
(a) Hexagonal 
(b) 2050 degrees Cent. (3722 degrees Fahr.) 
(c) 9 
(d) Medium grey 
(e) Colorless 
(f) No = 1.77, Ne = 1.76 (Na) 
(g) In steels and irons treated with aluminum, and in some 
inclusions derived from refractories. 
(h) Not malleable at S R T. 





Color by transmitted light 


») 
4) ( 
(4) | 

1 





une 193! IDENTIFICATION OF INCLUSIONS 499 


changed variously by impurities in solid solution. Occurs 
iternal as equiaxed or elongated grains with irregular surfaces, 
or euhedral crystals. These have a tendency to group to- 
1 with gether in clumps or small clouds of particles. During 
rolling or, forging these groups are formed into irregular 
rows of particles in the direction of working. These in- 


ve not clusions are rarely pure and may contain FeO and SiQ,. 
ve de- The inclusions rich in Al,O, are difficult to polish and fre- 
erived quently their anisotropic behavior is masked by reason of 
their transparency and highly reflecting metal-inclusion 

: more interface, or by rounding the edge of the cavities left by 
rals in their removal. 
n cast (2) Mullite, 3Al1,0,-2Si0, 
xhibit (a) Orthorhombic 

(b) 1816 degrees Cent. (3301 degrees Fahr. ) 

(Sh Fi 

F (d) Medium to dark grey 


(e) Colorless, pink 
(f{) Ng = 1.654, Nm 1.644, Np = 1.642 
(h) Frequently occurs as long euhedral crystals in glass in- 
clusions. 
(3) Quartz, SiO, 
(a) Hexagonal 
(b) 1600-1750 degrees Cent. (2912-3182 degrees Fahr. ) 
1 light (c) 7 
"sil (d) Medium to dark grey 
(e) Colorless 
(f) Ne = 1.55, No = 1.54 
e (4) Cristobalite, SiO, 
(a) Pseudo-isometric (tetragonal ?) 
(b) 1696 degrees Cent. (3085 degrees Fahr.) 
(c) 6-7 
(d) Medium to dark grey 
(e) Colorless 
(f) No = 1.487, Ne = 1.484 


(h) Usually associated with glass. 
some Translucent Anisotropic Minerals with Strong Birefringence 


(1) Fayalite, 2FeO-SiO, 
light (a) Orthorhombic 
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(b) 1205 degrees Cent. (2201 degrees Fahr.) 
(c) 6.5 
(d) Medium to dark grey 
(e) Colorless, light green, yellowish green, yellowish brown, 
(f) Ng = 1.886, Nm = 1.887, Np = 1.835 
(h) Frequently contains 2MnO- SiO, in solid solution. 
(2) Ferric Oxide, Hematite, Fe,O, 
(a) Hexagonal 
(c) § 
(d) Medium to light grey 
(f) No = 3.22, Ne = 2.94 (Na) 
(g) Frequently occurs as outer layer of scale. 
(3) Chromic Oxide, Cr,O, 
(a) Hexagonal 
(b) 1900 degrees Cent. (3452 degrees Fahr. ) 
(d) Medium to light grey 
(e) Green, depending on the thickness 
({f) N=25 + 
























(g) In stainless steels and other high chromium materials 
(h) Not malleable at S R T. These inclusions are harder than 
chromite. 
(4) Aluminum Nitride, ALN 
(a) Hexagonal 
(b) 2150-2200 degrees Cent. (3902-92 degrees Fahr.) 
(d) Dark to very dark grey 
(f) Birefringence high (indices not available). Often show 
brilliant polarization colors. 
(g) In chromium produced by the aluminothermic process and 
in chromium steels containing aluminum. 
(h) Frequently occurs as euhedral crystals. 
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Scheme For Etching Identification Tests 


Appearance with Reflected White Light— x 200, x 500, X 1000 


Grey or Black Inclusions 


1939 
Etch 10 sec. in 10% 
Contrast 
FeO in FeO°’FeS 
eutectic darkened 


FeS*MnS 
MnS 
FeO*MnO 


Removes 
rich in 
Darkens 
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Removes FeS:-MnS 
ich in MnS 
Removes FeO*MnO 


FeO'FeS 
FeO 
Removes balance 
FeO’ MnO 

Removes MnO:-SiO, 


Removes 
Removes 


bod 
i i 


Removes FeQ-SiO. 
Removes CaQO’SiOs 
Re moves Some 
Siliceous alumina 
Chromite 

(FeO -( “Tel eo) 
Isotropic: red 

to brown by 


transmitted light 


Yellow, 


Alcoholic Nitric Acid 
| 
| 
Unattacked Sodium 
Etch 5 min. in 10% 
chromic acid in H.O 
—_—__—__—_——————._ Attacked 
(a) Removes FeS 
(pale yellow) 
Unattacked 
Etch 5 min. in boiling 


alkaline sodium picrate 

- ere Bikes 
(a) Removes zir- 
conium nitride 
(yellow cubes) 
(b) Removes zir- 


Unattacked 
Etch 5 min. in 5% 


Alcoholic HCl 


(tan crystals) 


U nattacked 


Etch 10 min. in a 20% 
aqueous solution of HF 


Unattacked 


(a) Alef ds, FeO: Alo( ds 
and (FeO, MnO) 
Al Vs 

(b) Chromite (FeO-CreO,) ...... In stainless 
Etch 5 min. in boil- chromium- 
ing 10% HeSO, and ordinary alloys of 
1% KMnQO, and Content. , 
lightly repolish 


U nattacked 


(a) Chromic oxide 
(CreQO3) Anisotropic: 
purplish grey by re- 
reflected light, bright 
green by transmitted 
light. 

(b) Ferrous aluminate 


( FeO: Alo ds) 
opaque isotropic: 
light grey 


Tan or Pink 


Picrate 


conium sulphide 


(c) 


not 


Inclusions 


Etch 10 min. in boiling Alkaline 


Solution 





Unattacked 


Etch 10 min. 20% 
aqueous HF 
Unattacked 
(a) Titanium nitride 
(yellow cubes) 
(b) Titanium cyano 
nitride (violet: 
strongly angular, 


easily pitted in 
polishing ) 
Titanium 
nitride 
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carbo 
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EFFECTS OF SPECIAL ALLOY ADDITIONS TO 
STAINLESS STEELS 


By RussELL FRANKS 


Abstract 


This paper gives a general discussion of the effects 
of the most important additions to stainless steels. It 
points out that while stainless steels have served quite 
satisfactorily, the desire to widen their field of application 
has required modification by addition of special alloying 
elements. The paper discusses the best procedure for 
machining the steels. It describes the beneficial effects of 
nitrogen on the plain chromium steels; the use of titanium 
and columbium in inhibiting intergranular corrosion in the 
chromium-nickel steels; and the effects of molybdenum in 
retarding the development of pitting and contact corrosion. 
Data are shown on the effect of manganese in improving 
the hot working characteristics of the modified chromium- 
nickel steels. It is finally pointed out that such additions 
are not made to complicate the constitution of these 
steels, but are made to render them more serviceable to the 
industry. 


N the early development of stainless steels the aim was to obtain 

a metal free of the staining and progressive rusting that occurs 
when ordinary steel is exposed to the atmosphere. Brearley secured 
this result in a hardened, tempered, and polished 13 per cent chro- 
mium and 0.30 per cent carbon steel; Haynes in steels of higher 
chromium and lower carbon contents; and Strauss in low carbon 
higher chromium steels that contained nickel. Each investigator 
determined that the steels would resist oxidizing acids, and in addi- 
tion Strauss was impressed with the high ductility and toughness of 
the chromium-nickel steels. While some evidence was presented on 
the utility of these steels in the chemical industry, these early workers 
were chiefly concerned with permanence of surface under atmospheric 
conditions. The steels were referred to as “rust-proof materials.” 


A paper presented before the Twentieth Annual Convention of the Ameri- 
can Society for Metals held in Detroit, October 17 to 21, 1938. The author, 
Russell Franks, is associated with the Union Carbide and Carbon Research 
Laboratories, Inc., Niagara Falls, N. Y. Manuscript received June 25, 1938. 
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Today, however, stainless steels are considered from a much 
broader viewpoint. With the development of special equipment and 
processes in industry to produce chemicals that a few years ago could 
be considered only from a laboratory standpoint, new requirements 
have been put upon the steels. To be sure the inherent properties of 
the heat treated steels have in general met the requirements, but it 
is not always possible to retain the annealed state throughout fabri 
cation, and often it is impractical to anneal the fabricated product. 
The difficulties arising from the inability to retain the annealed state 
or its equivalent may cause a loss in physical properties, or corrosion 
resistance, or both. In other instances the difficulties may be due to 
an inherent lack of physical requirements or corrosion resistance 
demanded of the steel by the user. It is such conditions that have 
forced the metallurgist to modify the steels and not his desire to 
make them more complex from the standpoint of constitution. This 
paper discusses the reasons for making a few of the important addi- 
tions to the chromium and chromium-nickel steels, and their effects. 


PLAIN CHROMIUM STEELS 


Possibly the earliest modification of the plain chromium steels 
concerned an improvement in machinability. Shortly after the low 
carbon 12 to 15 per cent chromium steels of the rustless iron type 
were made available for commercial consumption, it was found that 
they could not be turned, sawed, drilled, tapped, etc., according to 
the practice employed on ordinary carbon and low alloy steels. The 
annealed chromium steels, because of high toughness, had a marked 
tendency to gall, tear, and develop excessive friction during cutting, 
even though they were relatively soft. This condition has been 
partially relieved by the use of cooling liquids, decreasing the cutting 
speeds, and providing the tools with about 5 per cent more top rake 
to permit the chip to clear the surface of the tool during cutting 
Further improvement can be obtained by increasing the Brinell 
hardness number of the annealed steels from 150 to about 200 by 
cold drawing or heat treating to decrease toughness. The metal in this 
condition can be cut with high speed steel tools ground with an 
increased top rake at a speed equivalent to about 60 per cent of that 
for ordinary steel. Cutting angles on taps, drills, dies, and the like 
cannot be changed so readily, and in operations involving these tools 
the speed should be reduced to about 40 per cent of that for ordinary 
steel to obtain satisfactory cutting. 
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Perhaps the best solution to the machining problem is found 
by modifying the compositions of the steels. Additions of 0.25 to 
0.30 per cent sulphur to the low carbon 12 to 15 per cent chromium 
steels are effective. While corrosion resistance is decreased, sulphur 
addition reduces toughness and practically eliminates the high fric- 
tional effect encountered in machining, and the steel can be cut at 
approximately the same speeds used for ordinary steels. Improve- 
ment in machinability is obtained by adding 0.60 per cent molybde- 
num or 0.15 per cent selenium, and corrosion resistance is not greatly 
changed. Molybdenum sulphide is added to improve machinability. 
[In this instance the steel contains a maximum of 0.65 per cent molyb- 
denum and 0.40 per cent sulphur. 

In machining any of the high chromium steels except those 
modified by addition agents, the cutting speeds must be reduced. 
Sometimes the desired production can be maintained with the normal 
steels by increasing the feed, but if this is impractical decreased 
production must be accepted as a necessity, and the best results are 
obtainable with high speed steel cutting tools. 

The low carbon 12 to 14 per cent chromium steels are also modi- 
fied by the addition of aluminum and tungsten. Aluminum is added 
to reduce air hardening and is usually present to the extent of about 
0.25 per cent, while the tungsten is added to improve strength at 
high temperatures. Tungsten is normally present to the extent 
of about 3 per cent. It has been claimed that the tungsten-bearing 
steels are especially suited for oil refinery service. 

Steels containing 12 to 14 per cent chromium and 0.30 to 0.40 
per cent carbon have been widely applied for cutlery purposes. How- 
ever, investigation has shown that better edge-holding properties 
can be obtained in a steel containing 16 to 18 per cent chromium 
with 0.60 to 0.80 per cent carbon. The corrosion resistance and cut- 
ting properties of these steels are further improved by adding about 
0.75 per cent molybdenum. While molybdenum has introduced no 
serious handicap, the resulting steels require treatment at a slightly 
higher hardening temperature of about 1000 degrees Cent. (1830 de- 
grees Fahr.) rather than the usual temperature of 950 degrees Cent. 
(1740 degrees Fahr.) in order to secure the necessary hardness. 
The steels containing molybdenum should not be held too long at the 
higher hardening temperature as grain growth will occur and detri- 
mentally affect cutting quality. 

The highly useful heat resisting 25 per cent chromium steels 
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Fig. 1—The Casting at the Top Contains 25 Per Cent Chro 
mium, 0.19 Per Cent Carbon and 0.035 Per Cent Nitrogen, While 
the Casting at the Bottom Has Similar Chromium and Carbon Con- 
tents but Contains 0.20 Per Cent Nitrogen. (Natural Size.) 


have been modified to impart better hot working properties and to 
eliminate brittleness after annealing. The difficulties encountered on 
forging or rolling these steels are undoubtedly connected in part 
with the large grains existing in the cast metal, while the brittleness 
at normal temperatures after annealing is due to the simultaneous 
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occurrence of both small and large grains in the wrought product. 
As shown in Fig. 1 nitrogen, when added in the form of high nitro- 
ven ferrochromium, reduces the grain size of the cast steels. The 
reduction in grain size permits the steels to be rolled on blooming 


o 


~~ 





Fig. 2—-The 3-Inch Diameter Fractured Tube at the Top Was Made from a 25 
Per Cent Chromium Steel Containing 0.15 Per Cent Carbon and 0.04 Per Cent Nitrogen. 
The Flattened Tube at the Bottom Was Made from a Steel of Similar Chromium and Carbon 
Contents Containing 0.17 Per Cent Nitrogen. (Natural Size.) 


mills without danger of excessive cracking, which has markedly 
increased the recovery of finished products from ingots; and indeed 
the use of nitrogen has made possible the handling of large ingots 
of the steels. Thus the addition of 0.15 to 0.20 per cent nitrogen 
has practically eliminated the variation of grain size in wrought 
annealed 25 per cent chromium steels. See Fig. 2. 














TRANSACTIONS OF THE A. S. M. ie 
In Fig. 2, the photograph at the top clearly shows that the low 
nitrogen 25 per cent chromium steel seamless tube, which was in 
the annealed condition, varied appreciably in grain size. This tube 
fractured as shown, in an attempt to straighten it after annealing by 
quenching from 900 degrees Cent. (1650 degrees Fahr.). The photo- 
graph at the bottom of the high nitrogen steel tube shows that this 
metal was quite ductile after annealing in the same manner, which 
is attributed to the uniformly fine grain of the annealed steel. This 
improvement was accomplished without sacrifice of either corrosion 
or heat resistance. 


CHROMIUM-NICKEL STEELS 


The low carbon wrought austenitic chromium-nickel steels of the 
18-8 type have received considerable attention and are unquestion- 
ably among the most useful materials for resisting heat and cor- 
rosion. The steels possess a high degree of corrosion resistance and 
are exceedingly ductile and tough in the annealed state. However, 
when heat is applied during fabrication or in service, their extraor- 
dinary properties may be affected even though the corroding me- 
dium is of a mild nature. The difficulty is not due to lack of re- 
sistance to general corrosion but to localized corrosion in which only 
certain areas are affected. The types of corrosion referred to are 
intergranular and pit corrosion. In order to obtain the best service 
under the most severe conditions of heat and corrosion it has been 
found desirable to make certain modifications in composition. 

The first of these types is brought about by the decomposition 
of the austenitic constituent. Decomposition may take place if the 
metal is heated to temperatures between 300 and 800 degrees Cent. 
(570 and 1470 degrees Fahr.). The effect is not instantaneous but 
is ‘accumulative. The period of time required varies with the dif- 
ferent temperatures. At temperatures in the range 595 to 870 de- 
grees Cent. (1100 to 1400 degrees Fahr.) periods of 3 to 10 min- 
utes are sufficient, while at temperatures between 300 and 595 de- 
grees Cent. (570 and 1100 degrees Fahr.) longer heating periods 
are required. Decomposition may take place in such engineering 
processes as welding of relatively thick sections or heating for pur 
poses of fabrication. Since decomposition greatly lowers the cor 
rosion resistance in grain boundary regions, exposure to relatively 
mild corroding media may cause metal that is otherwise perfectly 
satisfactory to fail. It is thus imperative that the susceptibility ot 
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the chromium-nickel steels to this type of attack be recognized 
when their application is concerned. 

A positive method for overcoming this difficulty is to modify 
the composition of the steels. Their carbon content is important, but 
a mere lowering of the carbon content to 0.07 per cent or somewhat 
less does not solve the problem. The most effective method consists 
of adding columbium, although titanium is effectively used under 
certain conditions. 

When titanium is used it must be present to the extent of at least 
six times the carbon content, and the steel must be given a stabilizing 
heat treatment within the range 850-900 degrees Cent. (1560-1650 
degrees Fahr.) for a period of from 2 to 4 hours, followed by air 
cooling. While the steels treated in this manner are relatively free 
of intergranular attack their resistance to general corrosion is not so 
satisfactory as that of the fully annealed plain 18-8 steels, and when 
wet corrosion is involved they must be used with caution. On the 
other hand, if corrosion at high temperature is involved satisfactory 
resistance may be expected. The titanium-bearing steels are un- 
suitable for use as welding rods. The titanium is oxidized, and the 
resulting weld will not be immune to intergranular attack. This 
means that to secure satisfactory operation, the titanium-bearing 
steels must be welded with rods containing columbium. 

As previously stated, columbium offers an effective solution to 
the problem of intergranular corrosion. When complete immunity 
to intergranular attack is required between 300 and 800 degrees Cent. 
(1570 and 1470 degrees Fahr.), the columbium content should be 
equivalent to at least ten times the carbon content. The same results 
can be obtained if the 18-8 steel contains at least eight times as much 
columbium as carbon and is given a stabilizing heat treatment after 
annealing, which consists of holding for'two hours at 850-900 degrees 
Cent. (1560-1650 degrees Fahr.) and air cooling. In fact, steels 
containing six times as much columbium as carbon are suitable for 
welded equipment if the operating temperatures are below 300 de- 
degrees Cent. (570 degrees Fahr.). As shown by Fig. 3, the nickel 
content of the columbium-bearing steels should be increased to retain 
the austenitic condition. 

The hot workability of these columbium-bearing steels is im- 
proved by raising the manganese content from 0.50 to between | 
and 2 per cent. As shown by the data of Table I, increasing the 
iianganese content of these steels to this extent does not lower 
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their resistance to general corrosion as determined by the boiling 
65 per cent nitric acid test. ) 
Physical tests have been made on the steels containing up to 2 
per cent manganese. The steels containing between 1 and 2 per cent 
manganese are equally as strong, ductile, and tough as those having q 
normal manganese content of about 0.50 per cent. 7 
The columbium-bearing 18-8 steels are used in the form of 
welding rods. Sufficient columbium can be retained in the weld to 
impart immunity to corrosive attack in the range from 300 to 800 
degrees Cent. (570 to 1470 degrees Fahr.). As previously stated, jf 
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Fig. 3—Structural Diagram for Chromium-Nickel Steels 
Containing a Maximum of 0.08 Per Cent Carbon and Ten Times 
as Much Columbium as Carbon. Curve A is for Steels Air- 
Cooled from 1050 Degrees Cent. Curve B is for Steels Air- 
Cooled from 1050 Degrees Cent., Held 6 Hours at 650 Degrees 
Cent. and Air-Cooled. 


the structure is to be welded. and used at temperatures below 300 
degrees Cent. (570 degrees Fahr.) the columbium content can be 
reduced in low carbon steels to at least six times the carbon content 
in both the plate and weld metal. The advantage to be gained by 
using both the larger and smalier percentages of columbium is clearly 
illustrated by Fig. 4, and it can be stated without reservation that 
columbium practically eliminates the problem of intergranular cor- 
rosion in these most important steels. 

Although columbium-bearing 18-8 steels having normal man- 
ganese content are satisfactorily welded, there is constderable evi- 
dence that generally a somewhat higher than normal manganese 
content is beneficial. Excellent results have been obtained in the 
welding of such steels containing 1 to 2 per cent manganese. These 
welds are sound, ductile, tough, and clean. As shown in Table II. 
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they have slightly improved resistance to corrosion as determined 
by the nitric acid test. The silicon content of all the welding rods 
was kept in the neighborhood of 0.70 per cent to insure a high 
recovery of columbium in the weld metal. The oxyacetylene welds 
were made with rods of the composition shown, in plate metal 
containing 17.84 per cent chromium, 9.74 per cent nickel, 1.16 
per cent manganese, 0.41 per cent silicon, 0.08 per cent carbon and 
0.85 per cent columbium, while the arc welds were made with similar 
rods in plates containing 17.91 per cent chromium, 9.43 per cent 
nickel, 1.70 per cent manganese, 0.49 per cent silicon, 0.08 per cent 
carbon and 0.82 per cent columbium. In both instances the plate 
prior to welding was air cooled from 1075 degrees Cent. (1965 de- 


Table I 


Results of Corrosion Tests on Columbium-bearing 18-8 Steels* Containing 
up to 2 Per Cent Manganese 








Inch penetration per month 
in boiling 65% nitric acid 





lst 2nd 3rd 

—_—_—__———— Per Cent — —— — 48-hr. 48-hr. 48-hr. 
C1 Ni Mn Si Cb j period period period 
18.39 9.02 0.50 0.27 0.72 0.06 0.0010 0.0009 0.0010 
18.86 9.45 0.65 0.49 0.74 0.06 0.0010 0.0008 0.0008 
17.66 10.10 0.99 0.45 0.54 0.07 0.0010 0.0007 0.0007 
17.53 10.47 0.99 0.44 0.87 0.07 0.0011 0.0007 0.0007 
17.99 10.01 1.68 0.46 0.84 0.07 0.0011 0.0007 0.0007 
19.21 10.55 2.08 0.56 0.96 0.07 0.0010 0.0007 0.0006 


*Tests made on samples taken from %-inch plate air cooled from 1075 degrees Cent. 
(1965 degrees Fahr.) 


Table Il 


Corrosion Tests on Welded Samples of 18-8 Steels Containing Columbium 
and various Percentages of Manganese 


Thick Inch Penetration 








Composition of Welding Rod ness of Per Mo. in Boiling 65% Nitric Acid 
——————=—== Per Cent — —, Plate in Ist 2nd 3rd 4th 5th 
Cr Ni Si Mn Cc Cb Inches 48 Hr. 48 Hr. 48 Hr. 48 Hr. 48 Hr. 
19.68 10.71 0.68 0.60 0.07 0.88 i 0.0013 0.0011 0.0015 0.0016 0.0018 
19.68 10.71 0.68 0.60 0.07 0.88 Vy 0.0011 0.0010 0.0011 0.0011 0.0012 
19.32 10.70 0.60 2.05 0.08 0.91 \% 0.0011 0.0009 0.0011 0.0012 0.0012 
19.32 10.70 0.60 2.05 0.08 0.91 Vy, 0.0011 0.0009 0.0010 0.0011 0.0010 
19.35 9.79 0.69 4.53 0.06 0.96 IZ 0.0011 0.0009 0.0009 0.0011 0.0011 
135 9.79 0.69 4.53 0.06 0.96 ly, 0.0011 0.0009 0.0010 0.0011 0.0010 
The %-inch plates were arc welded. The \%-inch plates oxyacetylene welded. 


grees Fahr.) and the welds were tested in the as-welded condition. 
it may be judged from these tests that optimum results, especially 
in the case of oxyacetylene welding, are secured with about 3 per 
ent manganese in the welding rod. 














514 TRANSACTIONS OF THE A. S. M. 


Although progress has been made, a complete solution of ‘he 
problem of local deterioration known as pitting and contact corro- 
sion has not been readily forthcoming. This type of deterioration takes 
place during exposure to corroding media that ordinarily do not at- 
tack the 18-8 steel. It occurs in the form of pits localized at random 
in different parts of the steel and where contact is made with itself 





Fig. 4—-Photographs of Plain and Columbium-Bearing 18-8 Steels, Arc 
Welded and Subjected for Two 84-Hour Periods to a 20 Per Cent Nitric 
Acid Solution Containing 4 Per Cent Hydrofluoric Acid Held at 60 
Degrees Cent. The Welds Were Made in ee Plate with a Columbium- 
Bearing 18-8 Steel Rod in the Case of Columbium-Containing Plate, but a 
Plain 18-8 Steel Rod Was Used on Plain 18-8 Steel Plate. Attack Has 
Occurred Only in the Latter Plate. 


and other materials such as grease, dirt, packing material, and a 
different metal. Experience has shown that corroding media such as 
ordinary sea water, brine, weak acid solutions, and some of the com- 
mon cleaning compounds are likely to cause pitting. Examples 
of this type of corrosion are shown in Fig. 5. 

The cause of pit corrosion is not known, although it is appar 
ent that pickled, ground, or polished surfaces of the steels have 
local weaknesses, which exist in the annealed condition. The prob- 
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lem has been difficult to study because of the many variables al- 
though a few pertinent observations have been made. Normal in- 
clusions and carbides have not been found to play an important part. 
Pitting most frequently occurs under relatively weak acid conditions, 
as strong acid conditions produce general attack. As will be explained 
later it has been necessary to find corroding media suitable for use in 
studying the problem. Solutions having pH values between 7 and 4 
were found to be satisfactory. 

The degree of nobility of the surface of the metal has an im- 
portant bearing, which in the case of stainless steels indicates that 
depletion of oxygen is one source of the difficulty. This further 
indicates that increased rather than decreased nobility is the more 
practical method of solving the problem. Under such conditions, 





Fig. 5——-Photograph at Left Shows the Extent to 
Which Pitting Occurred in a Low Carbon Wrought 18-8 
Steel After Six Months’ Exposure to a Spray from a 20 
Per Cent Sodium Chloride Solution. Photograph on Right 
Shows the Contact Corrosion that Occurred Simultaneously 
on the End of the Sample in Contact with a Glass Plate. 


however, nonuniformity of surface with respect to general resistance 
to corrosion is likely to cause pitting, i.e., when small areas having 
less resistance to corrosion are adjacent to or near larger areas that 
have greater resistance to corrosion, the corroding effects on the 
smaller area are greatly exaggerated. Thus to obtain the best re- 
sults it is advisable to use a welding rod that gives weld metal with 
somewhat greater corrosion resistance than that of the parent metal. 

Considerable effort has been put forth to eliminate pitting in 
chromium-nickel steels. Even though, as stated above, the most prac- 
tical method would consist of increasing instead of decreasing no- 
bility, the latter method has been tried. It was thought that if the 
chromium content in chromium and chromium-nickel steels was 
‘educed to a point at which general corrosion would proceed at a 
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une 


slow rate the metal would be substantially free from pitting or con- 
tact corrosion. Such steels were more susceptible to the contact cor- 
rosion and were not free of pitting. The other method, which 
consists of improving the nobility of the steels, has been tried with 
more success. This method, however, has again required modifica- 
tion, necessitating the use of additional elements. 

In carrying out these experiments, sea water, 4 per cent sodium 
chloride solutions, and 10 per cent sodium chloride solutions made 
with tap water, and containing 0.50 and 5 per cent respectively of 
ferric chloride, have been employed after much experimentation. 

When ordinary sea water remains in a closed vessel for some 
time its character changes from basic to acid. The pH value de 
creases from 7.8 to 6.5, and if the vessel is opened or if air is blown 
through the sea water, it again becomes basic and reaches a pH value 
between 7 and 8. These facts are not common knowledge because 
sea water is generally thought of as a basic medium. ‘This seems to 
explain why the 18-8 steel is pitted by sea water especially in loca- 
tions that do not have free access to oxygen. When 4 per cent by 
weight of pure sodium chloride is added to pure water and the solu- 
tion permitted to remain in the atmosphere for a short time, the solu- 
tion assumes a pH value of 6.30, which is comparable to the acidity 
of sea water in a closed system. Thus, this solution has been found 
suitable for testing susceptibility to pitting over long periods. The 
10 per cent sodium chloride solutions containing respectively 0.50 and 
5 per cent ferric chloride are more acid and have pH values below 4 
They develop pits in the 18-8 steels at a much faster rate than either 
the sea water or the pure sodium chloride solution and have been 
successfully used in accelerated testing. All these solutions have 
been used at room temperature in spray and immersion tests except 
the sodium chloride solutions containing ferric chloride. These solu- 
tions were used only in immersion tests. 

The effects of many additional elements on the resistance ot 
chromium-nickel steels to pitting under the above described conditions 
were studied, and molybdenum was found to greatly improve the 
steels. It has been found that before substantial resistance to pitting 
is obtained it is necessary to add at least 2 per cent molybdenum. 
When the data of Fig. 6 are compared with those of Fig. 5 it is 
readily noted that the 18-8 steel containing 2.66 per cent molybde- 
num is considerably more resistant to pitting and contact corrosion 
than the plain 18-8 steels. 
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It was realized that a part of the molybdenum added combined 
with the carbon in the steel; and that if a stronger carbide-forming 
element than molybdenum were also added, the molybdenum would 
go into solid solution and exert a beneficial influence. The element 
found to be most suitable was columbium, and in conjunction with 
molybdenum encouraging results were secured. These showed that 
with about 2.50 per cent molybdenum present in an 18 per cent 
chromium steel containing 14 per cent nickel, 0.10 per cent maximum 
carbon and 0.50 per cent columbium, relative freedom from pitting 
under severe conditions was obtained. As shown in Fig. 7, the plain 





Fig. 6—Photograph on Left Represents a Sample of 
Steel Containing 18.73 Per Cent Chromium, 10.59 Per 
Cent Nickel, 1.98 Per Cent Manganese, 2.66 Per Cent 
Molybdenum, 0.37 Per Cent Silicon, and 0.07 Per Cent 
Carbon Exposed for 12 Months to the Spray from a 20 
Per Cent Sodium Chloride Solution. 

Photograph on Right Represents the End of the Sam- 
ple that Was in Contact with a Glass Plate. The Sample 
Did Not Develop Pitting or Contact Corrosion. 


18-8 steel sheet was badly pitted after exposure to the sodium chloride 
solution containing ferric chloride whereas the modified steel con- 
taining molybdenum and columbium was free from pits. 

Other tests were made to determine the resistance of the modi- 
fied steel to contact corrosion and the data of Fig. 8 are pertinent. 
\s shown in the figure, the sample tested consists of two parts, a 
male and female part machined from bar stock, which are screwed 
together during test. The female part is provided with a flange 0.001 
inch thick so that a crack is left between the respective parts. Such 
a condition might well exist in a riveted or bolt joint. The assembled 
samples were immersed in a pure 4 per cent sodium chloride solution 
ior several months and inspected from time to time to determine 
when contact corrosion occurred. Again the plain 18-8 steel was 
badly pitted in the contact area but the 18-8 steel containing colum- 
bium and molybdenum remained practically unaffected. 
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Tests made on arc welded samples of the columbium- and mol) 
denum-bearing 18-8 steels to determine the resistance of the welds 
pitting gave interesting results. These showed, as revealed by Fig, 
9, that the weld metal should be made from metal of a higher degree 


Fig. 7—The ,»-Inch Thick Sheet Sample on the Left Repre- 
sents an Annealed Steel Containing 18.40 Per Cent Chromium, 8.39 
Per Cent Nickel, 0.40 Per Cent Manganese, 0.30 Per Cent Silicon, 
and 0.10 Per Cent Carbon. The Sheet Sample on the Right Was 
Made from a Steel Containing 18.45 Per Cent Chromium, 10.79 
Per Cent Nickel, 1.99 Per Cent Manganese, 0.35 Per Cent Silicon, 
2.43 Per Cent Molybdenum, 0.68 Per Cent Columbium, and 0.07 
Per Cent Carbon. The Plain 18-8 Steel Sample Was Exposed to 
a 10 Per Cent NaCl Solution Containing 5 Per Cent FeCl, at Room 
Temperature for 18 Hours, While the Modified 18-8 Steel Sample 
Was Exposed for 65 Hours. The Improvement with Respect to 
Pitting Obtained in the 18-8 Steel Containing Columbium and 
Molybdenum Is Quite Evident. 


of nobility than the base metal to obtain a welded joint with good 
resistance to pitting. 

These tests have shown definitely that molybdenum and colum 
bium additions to steels of the 18-8 type produce enhanced resistance 
to both pitting and contact corrosion. The steels containing colum- 
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hium and molybdenum have several important advantages over those 
containing only molybdenum. Thick or thin sections can be air- 
cooled from the annealing temperatures whereas generally it is nec- 
essary to quench thick sections of the molybdenum-bearing steels. 





Fig. 8—-The Photograph at the Left Shows the Assembled Sample as it is 
Placed in Test. The Middle Photograph Shows the Condition of the Adjacent 
Surfaces of a Steel Containing 19.89 Per Cent Chromium, 9.40 Per Cent Nickel, 
and 0.08 Per Cent Carbon After 12 Months’ Exposure to a Pure 4 Per Cent 
NaCl Solution at Room Temperature. The Surfaces of This Steel Were Badly 
Corroded, Although Those of the 18.10 Per Cent Chromium, 10.50 Per Cent 
Nickel, 0.58 Per Cent Columbium and 1.99 Per Cent Molybdenum Steel at.the 
Right Were Substantially Free of Attack. The Samples in Both Instances Were 
Prepared from Annealed Steels 


The steels are suitable for welding and do not require heat treatment 
to prevent deterioration in the weld or zones adjacent to the welds. 
Uhey are free of susceptibility to intergranular corrosion and have a 
high degree of resistance to general corrosion but if held for long 
periods at 650 degrees Cent. they suffer a loss in this property. 
Silicon, manganese, copper, tungsten, cobalt, vanadium and 
selenium have been added to either the chromium or chromium-nickel 
steels or both. Time will not permit a full discussion, but the effects 
of the different metals will be briefly mentioned. Silicon helps oxida- 
tion resistance but increases the grain size of both types of steels. 
Manganese improves hot working characteristics, and weldability, 
nd assists austenite formation. It has been used to replace a portion 
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of the nickel in the austenitic steels. Copper is in some cases added 
for increased corrosion resistance ; tungsten for increased strength at 
elevated temperatures; cobalt, molybdenum, and vanadium in the 
high chromium die steels for reduced grain size and enhanced harden- 


























Fig. 9—These Photographs Show the Condition of Welds Made in 
Annealed %-Inch Thick Plate of a Steel Containing 19.02 Per Cent Chro- 
mium, 12.07 Per Cent Nickel, 1.99 Per Cent Manganese, 3.06 Per Cent 
Molybdenum, 0.83 Per Cent Columbium and 0.09 Per Cent Carbon. The 
Samples Were Exposed in the Welded Condition to a 10 Per Cent NaCl 
Solution Containing 5 Per Cent FeCls at Room Temperature for 65 Hours. 
The Photograph on the Bottom Shows the Condition of the Weld Made 
with Rod of the Same Composition as the Plate. While the Plate is Satis- 
factory, the Weld Metal is Pitted. The Photograph on the Top Shows the 
Condition of the Weld Made with a Steel Containing 22.41 Per Cent Chro- 
mium, 13.93 Per Cent Nickel, 2.05 Per Cent Manganese, 0.84 Per Cent 


Columbium, 2.72 Per Cent Molybdenum, and 0.08 Per Cent Carbon. In 
This Instance Both the Weld and Plate Are Free of Pitting. 


ing ability; and finally selenium for improved machinability in the 
chromium-nickel steels. 

As earlier stated, the purpose of this paper has been to discuss 
the effects of some of the important additions to stainless steels. 
More detailed information has been given on certain of the additions. 
The discussion has been presented in this manner so that the effects 
of the more recent additions could be described sufficiently to show 
justification for their incorporation in the stainless steels. 

An attempt has been made to convey the idea that progress has 
been made in solving difficult problems through modifying the analy- 
sis of stainless steels and to leave the thought that further modifica- 
tion of the steels may be necessary to meet more exacting require- 
ments. Stainless steels have already served well, and their use in 
general must be economically successful to broaden the field of ap- 
plication—the chief reason for modification of these almost indis 
pensable steels. 
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DISCUSSION 


Written Discussion: By FE. H. Davidson, manager, Stainless Steel 
Bureau, Carnegie-Illinois Steel Corp., Pittsburgh. 

Mr. Franks’ paper is a welcome addition to the subject and the reasons 
set forth for the additions discussed are very helpful. However, there are 
some phases of the paper which may be commented upon, largely with the 
thought of stimulating further work. 

Based on the extensive work that has been done on the titanium-bearing 
18-8 steels, it is considered that when speaking of actual carbon analyses up 
to 0.07 per cent, titanium to the extent of four times the carbon content is 
sufficient to stabilize the carbide and, accordingly exception is taken to the six 
times minimum given by the author. 

In the case of columbium-bearing 18-8 steels, it is quite true that the 
increased manganese coupled with a better balanced ratio of nickel to chro- 
mium has produced marked improvement in hot working properties. How- 
ever, even with these advantages, the hot working characteristics with a min- 
imum columbium content of 10 X carbon are not comparable to the straight 
18-8 or the 18-8 titanium-bearing grades. 

It might be mentioned that we somewhat question the usual columbium 
specification of 10 X minimum actual carbon content which results in colum- 
bium running around 0.70 per cent or higher due to the difficulty of working 
to carbons below 0.06 or 0.07 per cent. We have found from both experi- 
mental laboratory heats and production melts that hot working difficulties are 
sometimes encountered when the columbium content exceeds 0.55 per cent. 
We believe that for many applications involving sensitizing periods no longer 
than one hour, such as the heating of the base metal incident to welding. a 
minimum columbium content of 6 X the carbon would be sufficient. For se- 
vere service, however, and particularly when the service temperature is within 
the carbide precipitation range, a Cb/c ratio of 8 is recommended if the ma- 
terial contains not over 0.08 per cent carbon and is stabilized, or a ratio of 11 
without stabilizing. 

In line with the author’s work on this subject, it is believed that this 
work could be carried further to appreciably lower these detrimental proper- 
ties. Possibly the manganese may be raised still higher and some other ad- 
justment in analysis be made either by additional element or variation in pres- 
ent constituents. Obviously any such change should be made with full con- 
sideration for the corrosion resistance and all other pertinent properties. 

With reference to the general remarks pertaining to the addition of nitro- 
gen to the high chromium type, we are in accord that the nitrogen additions 
have been beneficial to the hot working properties of the material. We would 
be interested to hear of any experiences the author has had in relation to the 
effect carbon or other constituents may have on this property. 

Written Discussion: By H. L. Maxwell, technical division, E. I. du 
Pont de Nemours and Co., Wilmington, Delaware. 

This paper is a valuable addition to the literature on stainless steels and, 
it is believed, will be of substantial help to users of stainless alloys in de- 
veloping and prescribing equipment applications. 
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The successful use of columbium as a stabilizing element in low carbon 
18-8 material, as developed in this paper by the author, finds ready applica- 
tion in the fabrication of plant scale equipment. The author points out that 
Cb ratios of 10, 8 and 6 may be used under specific C service conditions and 
still give relative immunity from intergranular attack in service. Our experi- 
ence would indicate that ratios in the range of 10 are preferred. This state- 
ment is based on accelerated laboratory corrosion tests, inasmuch as colum- 
bium modified 18-8 has not been installed in plant scale equipment long enough 
to develop what may be termed a typical plant failure. There is, however, 
no doubt, to judge by extensive experimental work and some plant scale 
equipment, that columbium stabilized 18-8 may be used economically in fabri- 
cating certain equipment which it is impractical or not economical to give the 
regular heat treatment after fabrication. 

In reference to the corrosion rates on columbium stabilized 18-8 with 
varying amounts of manganese, the discussor wishes to add that these corro- 
sion rates check his unpublished values within close limits. In making cor- 
rosion tests in boiling 65 per cent nitric acid it is our standard practice to con- 
tinue the tests through five 48-hour periods. 

The author is to be commended on this paper. It contains new and useful 
information and may well be made the subject of study by those concerned 
with stainless steels and their uses. 

Written Discussion: By F. L. LaQue, development and research divi 
sion, International Nickel Co., Inc., 67 Wall Street, New York City. 

Mr. Franks in his excellent summary of reasons for adding special ele- 
ments to the common stainless steels, furnishes ample proof that the complica- 
tions in composition that result from such alloy additions are well justified 
by the results obtained. 

In his discussion of the chromium ferritic steels, Mr. Franks evidently 
overlooked the 18 per cent chromium stcel containing about 2 per cent nickel. 
The principal effect of this amount of nickel is to make the alloy amenable 
to hardening by heat treatment. The alloy is usually specified to contain a 
maximum of 0.25 per cent carbon. <A typical specimen having a hardness of 
about 220 Brinell in the as-rolled condition was heat treated to a hardness 
of about 350 Brinell by quenching in oil from 1750 degrees Fahr. It was then 
drawn back to about 290 Brinell by tempering at 1200 degrees Fahr. This 
alloy’ has been used to a considerable extent, especially abroad, as a replace 
ment of plain chromium steels containing from 12 to 18 per cent chromium 
Its corrosion resistance is superior to that of the hardenable steels of lower 
chromium content, and it is both stronger and more corrosion resistant than 
the plain chromium steels having the same chromium content. Its corrosion 
resistance is, of course, distinctly inferior to that of the austenitic stainless 
steels. 

A reported advantage of the 18-2 alloy over the plain chromium steels 1s 
a lesser susceptibility to accelerated corrosion when used in galvanic content 
with bronze in such media as sea water. 

Typical applications include pump rods and shafts, valve trim, structural 
members in aircraft, and moulds for soap, plastics, etc. 

It may be noted, in passing, that relatively small amounts of nickel- 
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» to 2 per cent—are regularly used in chromium steels to increase the harden- 

ability of the heat treatable alloys and to improve the ductility, especially in 
the cold-worked condition, of those that are not heat treated. The alloys 
ontaining nickel are also easier to handle in the mill. A useful effect of 
nickel in all these alloys is to improve their resistance to corrosion. 

In his discussion of the phenomena of pitting and contact corrosion of 
stainless steels in certain environments, Mr. Franks quite properly associates 
these occurrences with variations from point to point in the degree of nobility 
of the alloy surfaces. 

Unfortunately, as Mr. Franks pointed out, it seems to be impractical to 
modify these alloys of iron in the direction of lowering their apparent nobility 
to a controlled extent so that uniform corrosion will proceed at a satisfactory 
low rate and local corrosion or pitting will be avoided. The alternative modi- 
fication in the direction of increased nobility suggested by Mr. Franks as 
being more promising should include increases in the nobility of the alloy 
itself, as well as of the protective surface films which it may develop. Any 
improvement in apparent nobility that serves principally to decrease the prob- 
aility of local attack without, at the same time, reducing the intensity of 
corrosion at points where the protective film may break down, will fail to 
provide a satisfactory foolproof alloy. Any modification which merely reduces 
the number of points of attack may be more harmful than helpful, since it has 
been observed that the fewer the pits per unit area, the deeper they are likely 
to be. 

Fortunately, there is considerable evidence to indicate that real progress 
is being made in improving both the alloys and the characteristics of the 
surface films which they develop. This seems to be especially the case in 
connection with the weak acid solutions, common cleaning compounds, and 
some brine solutions mentioned by Mr. Franks as having been troublesome. 

In the case of sea water, it appears that it is still difficult to secure a 
stainless steel that is free from local corrosion under all conditions. 

In fact, we still seem to lack an adequate diagnosis of the disease we are 
trying to cure. There are plausible explanations of the mechanism of pitting 
aiter it starts, but there is, as yet, no satisfactory reason why it should start 
at any particular point in the first place. 

It has been suggested that ferric chloride resulting from previous corro- 
sion of some ferrous material may be the initiating agent. However, W. A. 
Wesley and C. H. Lindsley have found’ that ferric chloride is practically in- 
soluble in sea water unless its acidity has been increased well above any limit 
likely to be encountered under natural conditions. 

Mr. Franks reported his observation that a sample of naturally alkaline 
sea water became slightly acid when kept in a closed vessel, and then became 
alkaline again when it was subsequently aerated. He has suggested that this 
development of acidity in closed spaces may be responsible for the develop- 
ment of local attack. Mr. Franks did not suggest what might be the nature 
of the chemical changes associated with these variations in acidity. It is con- 
ceivable that the increase in acidity observed by Mr. Franks when a sample 
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of sea water was kept in a closed vessel may have been due to the decompo- 
sition of organisms in the water. It is also possible that the decomposition 
products might include carbon dioxide, hydrogen sulfide, or other acidic gas: 
and that the effect of the subsequent aeration would be to sweep out th 
gases and thereby restore the normal alkalinity. 

The equilibrium pH of natural sea water is maintained by inter-reacti 
between carbonates and bicarbonates in solution, carbonaceous organisms and 
plant life living in the water, and carbon dioxide in the atmosphere. In his 
book on the Chemistry and Physics of Sea Water, H. W. Harvey’ presented 
data to indicate that the equilibrium pH of natural sea water is about 8.1 or 
8.2 and that, unlike synthetic sodium chloride solutions, natural sea water is 
well buffered by the bicarbonate and other salts, as well as by the living mat 
ter present. 

Consequently, it does not seem probable to this writer that the pH of 
natural sea water will be lowered sufficiently, merely by excluding air, to bring 
about local attack of stainless steels. This is especially not likely to be the 
case under, or in the immediate vicinity of, alkaline carbonaceous matter, such 
as barnacle shells, where pitting has been frequently observed. Local cor- 
rosion under barnacles, especially after they have died, is quite probably accel 
erated by sulphur compounds released from the decomposing organisms. 

One of the principal difficulties in the development of alloys resistant to 
sea water is to find a laboratory testing procedure by means of which the true 
behavior of a material in natural sea water can be predicted. The problem 
is complicated by the fact that investigators both in this country and abroad 
have found that both living and dead organisms, including bacteria, may have 
a profound effect on the characteristics of sea water as a corrosive. 

Tests in simple sodium chloride solutions, synthetic sea water, salt sprays, 
or such more violently corrosive media as ferric chloride, may serve to weed 
out the obviously bad alloys from the probably good ones, but it still seems 
to be necessary to check these laboratory tests by exposure of specimens, or by 
the actual use of the alloys, in sea water under natural conditions. 

The importance of this fact is well illustrated by some data that became 
available after Mr. Franks’ manuscript was sent in for publication. 

For inclusion in some tests in natural sea water being carried out by the 
writer and his associates, Mr. Franks kindly submitted specimens of alloys 
having practically the same composition as those represented by Figs. 6 and 7 
of his paper, and which in various laboratory tests, to which he subjected 
them, were remarkably free from pitting and contact corrosion. Nevertheless, 
after exposure for from 2 to 2% years in natural sea water, these specimens 
were severely pitted. 





The alloy containing about 19 per cent chromium, 10 
per cent nickel, and 234 per cent molybdenum was pitted to a maximum depth 
of 0.06 inches, while the alloy having similar chromium, nickel and molybde 
num contents, plus about % per cent columbium, was even more severely pitted 
to a maximum depth of 0.21 inches. 










In spite of the disappointing performance of these particular specimens, 
there is considerable evidence to indicate the value of molybdenum additions 


“Cambridge University Press, Fetter Lane, London, 1928. 
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‘une 
in reducing susceptibility to serious pitting. This subject was discussed jy 
some detail by H. A. Smith in a paper that appeared in the June 1938 issu 
Metal Progress. Although the ultimate has not yet been reached, subs 
tial progress has been made and, no doubt, will continue to be made. 
During the past few years the writer has exposed a variety of stainless 


of 


ill- 


steels to a number of corrosives encountered in several chemical processes 
All of these tests were made under actual plant conditions, and, although the 
data have limited general application, a selection from them has been made 
to illustrate the effects of such elements as carbon, molybdenum, titanium and 
columbium on general corrosion resistance as distinct from pitting or inter- 
granular attack. These data are given in Table I. 

It appears from these data that molybdenum has a specific, and, in many 
cases, a surprisingly powerful and beneficial effect in certain environments, 
whereas the usefulness of columbium and titanium is most likely to be con- 
fined to the avoidance of intergranular attack, as described by Mr. Franks, 
It would also appear that the effect of carbon, per se, is not as important as 
has been generally believed. 

Written Discussion: By Ernest H. Wyche, research laboratory, United 
States Steel Corporation, Kearny, N. J. 

Mr. Franks has given a good discussion of this phase of stainless steel 
and he has presented it in a manner which is not too technical, thereby ena 
bling him to reach the ever-increasing number of users of these steels. In the 
discussion of the addition agents columbium and titanium, there is one point 
which, we believe, might be stressed more, and that is the essential similarity 
in behavior of these two elements, when comparable amounts are present, as 
inhibitors of intergranular corrosion in the austenitic chromium-nickel steels 
Thus, according to our experience, to secure equal protection it is necessary 
to have about twice as much columbium as titanium, other things being equal; 
this we interpret in the sense that one atom of columbium (atomic weight 93) 
is equivalent, so far as carbide formation is concerned, to one atom of titanium 
(atomic weight 48). 

Mr. Franks states “when titanium is used it must be present to the extent 
of at least six times the carbon content, and the steel must be given a stabiliz 
ing heat treatment ... .” This statement should, in our opinion, be modi 
fied because both laboratory data and service tests, extending over a number 
of years, have shown that, for mild service, stabilization is not needed provided 
that the proper amount of titanium relative to the carbon content is present. 
3ain, Aborn and Rutherford’ showed that when Ti/(C 0.02) is 5.5, this 
ratio suffices to prevent intergranular attack on metal which had received no 
stabilizing treatment and had been exposed for 16 hours to sensitizing condi 
tions. For example, with 0.07 per cent carbon, which is the maximum carbon 
content now customary in austenitic stainless steels to be used where inter 
granular corrosion may occur, the minimum titanium requirement is 5.5 (0.07 
— 0.02) 0.28 per cent. Actually this 16-hour exposure is at least as sever« 
as is encountered in a large number of applications, for instance, where the 


3E. C. Bain, R. H. Aborn and J. J. B. Rutherford, ‘“‘The Nature and Prevention ot 
Intergranular Corrosion in Austenitic Stainless Steels,’ Transactions, American Society 
for Steel Treating, Vol. 21, p. 481 (1933). As a safe working rule for commercial usag¢ 
the 5.5 factor in this ratio was recommended by Bain and co-workers to be raised to 6. 
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metal is welded and stress relieved, (provided that these processes require no 
onger than 16 hours in the range of sensitizing temperatures) and is to be 
ysed at ordinary temperatures. 


We believe, however, that the stabilizing heat treatment, though not al- 
ways necessary, is advisable regardless of whether titanium or columbium in 
comparable quantities have been added, as an assurance against intergranular 
corrosion under the severer condition of exposure. 

Merritt A. Scuert:* Mr. Franks has presented a splendid paper on alloy 
additions. After reading over this paper | had one thought in connection with 
the nitric acid corrosion data given in Table II. It is apparent that the author 
has subjected arc welded samples to the hot nitric acid test, and that these 
have shown a remarkable corrosion resistance. Since the author has raised 
the point of the relative corrodability of arc weld metal and plate material | 
believe that more conclusive tests could be shown. The data should state 
how much of the sample was weld metal. The conclusions arrived at would 
be more convincing if the author had shown the corrosion rates on all weld 
metal samples containing various percentages of manganese. In this connec- 
tion it would be more valuable if the manganese content of the weld metals 
were given as well as the manganese content of the weldrod. It would be 
especially interesting if the author would report on corrosion tests of multi- 
pass arc welds produced with the higher manganese weldrods. 

In connection with Fig. 3, which I find very interesting, | believe Mr. 
Franks should tell us the manganese contents of the different alloys used. 


Author’s Reply 


Dr. Maxwell’s comments on the data given in the paper are greatly ap- 
preciated. His company has used large tonnages of the 18-8 steels, and it is 
felt that his opinion concerning columbium-bearing 18-8 steels will be of help 
to others in properly using the steels in the chemical industry. It is also pleas- 
ing to learn that unpublished nitric acid data obtained by Dr. Maxwell confirm 
those shown in the paper for columbium-bearing steels containing various 
percentages of manganese. 

Mr. Davidson’s remarks are pertinent, particularly in connection with the 
improved hot workability of the columbium-bearing 18-8 steels having an in- 
creased manganese content with a suitable ratio of nickel to chromium. We 
believe that most of the difficulty Mr. Davidson refers to in hot working the 
18-8 steels containing ten times as much columbium as carbon has been due 
to unbalanced analyses. It is a fact that during the last two years consider- 
able quantities of the steels have been fabricated into wrought products with- 
out encountering serious difficulty, and the opinion may be expressed that the 
steels are readily hot-worked when proper adjustment is made in the analysis. 
Work has already been started on the effects of more than 2 per cent manga- 
nese on the properties of the columbium-bearing 18-8 steels. 

Mr. Davidson takes exception to the statement that in order to obtain 

omplete immunity to intergranular corrosion the 18-8 steels should contain at 
least six times as much titanium as carbon. The reason for making this state- 


‘Research metallurgist, A. O. Smith Corp., Milwaukee. 
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ment is based on results obtained on commercial titanium-bearing 18-8 st 
For instance an 18-8 steel containing 0.09 per cent carbon and 0.43 per cent 
titanium exhibited susceptibility to intergranular attack after holding for 1000 
hours in the range 480 to 580 degrees Cent. This steel was previously air 
cooled from 1150 degrees Cent., held four hours at 850 degrees Cent. and air 
cooled. It was found in a similar test on an 18-8 steel containing 0.06 per 
cent carbon and 0.40 per cent titanium that the metal was free of suscepti- 
bility to intergranular attack after heat treating in the same manner. 

It is gratifying to receive Mr. Davidson’s report on the beneficial effects 
of nitrogen on the hot workability of the plain high chromium steels. 

Mr. Wyche is correct in stating that more columbium than titanium is 
needed in stabilizing the 18-8 steels. This, however, is no handicap because 
better recoveries of columbium are obtained in melting the steels. The differ- 
ences between the effects of cclumbium and titanium have been described in 
the paper and need not again be repeated. Mr. Wyche expresses the opinion 
that the stabilizing heat treatment is advisable whenever titanium or columbium 
is used to impart freedom from intergranular attack under severe conditions, 
This is true in the case of titanium, but the fact is that the columbium-bearing 
18-8 steels employed in industry are not generally given a stabilizing heat 
treatment. 


> . 


It can be stated in answer to Mr. Scheil’s comments that the welded sam 
ples were about 3 inches long by 1 inch wide with a welding bead of normal! 
thickness. The samples were prepared by multiple-pass welds, i.e., five beads 
were deposited in preparing the % inch thick arc welded samples. The man 
ganese content of the steels described by Fig. 3 was between 1 and 2 per cent 

Mr. LaQue’s discussion is unquestionably a valuable addition to the paper. 
The increase in strength obtainable in the 12 to 18 per cent chromium steels 
by the addition of 1 to 2 per cent nickel should have been stressed. There 
are three steels in this category which are: 12 per cent chromium and 2 per 
cent nickel, 18 per cent chromium and 2 per cent nickel, and 16 per cent 
chromium and 1 per cent nickel. The first-mentioned steel is used for springs, 
while the other two are primarily for aircraft construction. It has not been 
our experience that these small percentages of nickel markedly increase corro 
sion resistance. They are added chiefly to obtain improved hardening char 
acteristics in the low carbon steels. 

Mr. LaQue’s comments on the subject of pitting are of considerable inter 
est. He cites work done by W. A. Wesley and C. H. Lindsley which showed 
that ferric chloride was practically insoluble in sea water unless the acidity 
was increased well above the limit likely to be encountered under natural 
conditions. This is hardly sufficient to warrant the statement that ferric 
chloride does not play an important part in the pitting of the 18-8 steels. 
Large quantities of ferric chloride would not have to go into solution to cause 
pitting as extremely small percentages could initiate the action. Cur expert- 
ence has been that in every instance when pitting has occurred in salt solu 
tion iron salts were formed, and when pitting was absent iron salts were 
apparently not formed. 

Mr. LaQue cites the results of tests made on samples of 18-8 steels con- 
taining molybdenum, and 18-8 steels containing both molybdenum and colum- 
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bhiuvm in which more pitting occurred on the steels containing columbium. He 
fails to state, however, that in the same tests the columbium-bearing steels 
exhibited greater freedom from contact corrosion. The paper does not claim 
that laboratory tests can be used to conclude definitely that steels of this type 
will be free of pitting in service. It only points out that certain steels are 
more resistant to pitting than others, and laboratory tests are certainly ade- 
quate for this purpose. Incidentally Mr. LaQue recently supplied us with a 
sample of 18-8 steel containing molybdenum that had been tested off the coast 
of North Carolina for a period of about two years, and was found to be quite 
resistant to pitting. 

It must be emphasized in closing, that the purpose of the paper was to 
show the effort being made to render the stainless steels more serviceable. 
The value of the steels should not be underestimated because of this frank 
discussion in regard to the relatively few difficulties that have been met with 
in using them. Their few weaknesses must be recognized as in the applica- 
tion of other materials of construction, so that successful use can be made 


( 


f their valuable properties. 




















EFFECT OF H, ON BODY-CENTERED-FACE-CENTERED 
TRANSITION IN IRON 





By C. B. Post, R. E. LAKE, AND W. R. Ham 


Abstract 


Hydroge n in solution in tron causes a small but meas- 
urable lowering of the body-centered—face-centered transi- 
tion temperature. Changing the hydrogen pressure on the 
entering side of a relatively pure iron sheet from 74 cm. to 
18 cm. of mercury, and keeping a pressure of not more 
than 0.0030 cm. on the exit side, raises the transition point, 
as measured by the diffusion method, approximately 1 de- 
gree Cent. Hence, about 2 de grees Cent. should be added 
to this transition point as obtained by hydrogen diffusion 
methods, but approximately 4 degrees Cent. should be 
added when this transition is obtained under conditions 
such that all sides of the iron sample are exposed to 
hydrogen at atmospheric pressure. Theoretical considera- 
tions lead to the same conclusion. The transition tempera- 
ture determined by Wells, Ackley and Mehl therefore 
needs negligible correction for hydroge n concentration, 
but that of Roberts and Davey should have 4 degrees Cent. 
added. 

A technique is also described which enables one to 
obtain a completely “steady state’ at the body-centered— 
face-centered transition. Hysteresis can be almost entire ly 
eliminated by working back and forth through the transi- 
tion, using a small temperature range, and allowing the 
sample to come to complete equilibrium at each tempera- 
ture, 


D URING the course of experiments on the diffusion of hydrogen 
through metals at high temperatures, the writers have obtained 
data concerning the effect of hydrogen concentration on the alpha- 
gamma transition in iron. 





























This information may be of interest to 
metallurgists, especially those needing the most accurate temperature 
value of this transition in pure iron. 

The samples of pure iron prepared in the past for examination 
of the body-centered—face-centered region appear to have been ob- 


tained from two main sources. In general, a compound of iron is 





















Of the authors, C. B. Post and R. E. Lake are members of the Depart 
ment of Physics and W. R. Ham is Head of Department of Physics, Scho 
of Chemistry and Physics, Pennsylvania State College, State College, Pa 
Manuscript received January 4, 1938. 
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decomposed, or transformed, chemically under such conditions that 
the danger of contamination by other metals is minimized. This com- 
pound is often Fe,(CO), or Fe,O,. The method using the former 
is based upon the elimination of CO by the application of heat; the 
resulting iron is formed into sheets about % inch thick, these sheets 
obviously containing some carbon. The carbon can be almost entirely 
eliminated by prolonged heating in a hydrogen atmosphere at about 
1000 to 1100 degrees Cent. (1830 to 2010 degrees Fahr.). The oxide 
preparation, Fe,O,, is reduced in a hydrogen atmosphere. The transi- 
tion point of the oxide-prepared iron has been determined by Roberts 
and Davey (loc. cit.) when the iron was in equilibrium with a sur- 
rounding hydrogen atmosphere. 

However, recent experimenters’ * have used the carbonyl type 
iron more widely than that type formed by the reduction of the 
oxide*. The residual carbon is generally removed by the above men- 
tioned treatment with hydrogen, and after such decarburizing treat- 
ment the measurements have sometimes been made in an inert atmos- 
phere such as argon or helium. The amount of residual hydrogen 
present in the sample has generally not been ascertained. 

It is easy to obtain reproducible results on the rate of diffusion 
of hydrogen through a particular sample of iron in the body-cen- 
tered—face-centered region, and equally easy to change the hydrogen 
pressure (and hence the concentration) on the entering side. The 
concentration on the exit side can be conveniently maintained exceed- 
ingly small. Consequently, it seemed worthwhile to examine the 
behavior of the body-centered—face-centered transition as the hydro- 
gen concentration in the sample was varied. 


EXPERIMENTAL RESULTS 


A complete description of the necessary apparatus for diffusion 
studies as developed in this laboratory can be found in previous 
4 


publications*: The first observation worth calling attention to is 


the technique developed for studying “steady state’”’ conditions at, 
and in the neighborhood of, allotropic transformations. This tech- 
nique was the result of concern felt over the lack of agreement be- 


‘Wells, Ackley and Mehl, Transactions, American Scciety for Metals, Vol. 24, 1936, 
+6. 


“Roberts and Davey, Metals and Alloys, Vol. 1, No. 14, 1930, p. 1. 
°W. R. Ham, Transactions, American Society for Metals, Vol. 25, 1937, p. 536-564. 
‘C. B. Post and W. R. Ham, Journal of Chemical Physics, Vol. 5, 1937, p. 913-919. 
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tween dilatometric and diffusion studies on the question of hysteresis 
at the A, point in pure iron. In the previously mentioned publication 
by Ham* it was shown that quite a hysteresis effect is to be noted at 
the A, point, and this in the face of the experimental fact that 


diffusion rates can be obtained under “ 

















steady state” conditions, i.e.. 
a temperature can be held indefinitely by this method until the 
diffusion rate reaches a steady value. On the other hand, Wells. 
Ackley and Mehl’, in a precision dilatometric study of 
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Fig. 1—Hysteresis at Ag in Carbonyl “Mehl’’ Iron. 
carbonyl iron, showed quite clearly that an extrapolation to zero rate 
of cooling, or heating, gave little or no hysteresis for this transition. 

On going back through our experimental data we found that 
Ham followed quite a definite procedure in obtaining the data shown 
in his paper* which represented a summary of hydrogen diffusion 
work along these lines to the date of publication. This procedure 
was characterized by the fact that the observations about A, were 
always begun at a temperature 50 to 75 degrees above or below the 
transformation point and continued to about the same distance on the 
other side. 

More recently, the hydrogen diffusion technique for studying 
these allotropic modifications has been changed to match that of 
physico-chemical practice in studying melting or freezing points. ‘To 
illustrate, consider Fig. 1. The observations were started at 800 
degrees Cent. (1470 degrees Fahr.) and the diffusion rate measured 
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in steps of 2 to 3 degrees Cent., by holding the sample at any par- 
ticular temperature until the diffusion rate reached a steady value. 
After passing through the Ac, region, readings were continued until 
a temperature of 960 degrees Cent. (1760 degrees Fahr.) was 
reached. The rates were similarly read as the temperature was low- 
ered through the Ar, region. Thus, Fig. 1 shows the type of 
hysteresis observed by Ham. 

~ Now consider Fig. 2. Here we start as before at 960 degrees 
Cent. (1760 degrees Fahr.) and lower the temperature gradually 
until the Ar, region is reached. We now go about 5 degrees below 
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Fig. 2—Equilibrium Conditions at Ag in Car- 
bonyl ““Mehl”’ Iron (Heavy line AB). 


\r, and immediately start taking readings as the temperature is 
raised. When the rate begins to fall from the high body-centered 
rate to the lower face-centered rate, we lower the temperature 
slightly and observe whether the rate goes up or down. By suitable 
manipulation of the thermostatic controls, a point approximately in 
the center can be found where the rate goes neither up nor down. 
This, obviously, is a true equilibrium point because of the fact that 
we are giving the phases ample freedom for transformation, 1.e., the 


crystals are amply “seeded” with both types of phases. This same 
procedure can be followed to find an equilibrium point somewhat 
nearer the face-centered, or the body-centered, phase. ‘Thus the 


heavy line drawn in Fig. 2 represents the region in which both face- 
entered and body-centered iron can co-exist. The edges of the 
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diffusion disks are slightly contaminated with gold (from the gold 
weld), consequently the rim transforms at a different temperature 
than the pure iron in the center. This causes the end points of the 
transformation to be masked and the effect is manifested by the 
gradual appearance of the end points, as shown in Fig. 1, rather than 
the ideal abrupt appearance which one might expect. 

The experimental determination of the effect of hydrogen on 
the A, point was obtained by varying the entering pressure of hydro- 
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Fig. 3—Equilibrium Conditions at A,;. Impressed 
Pressure of Hydrogen 76 cm. 


gen on the same diffuser, and observing the equilibrium condition of 
the body-centered—face-centered region as outlined above. The re- 
sults of observations on the rate of diffusion through a sample of 
Mehl-iron when the pressure was varied from 73.4 to 17.5 cm. of 
mercury are shown graphically in Figs. 3, 4, and 5. 

No great accuracy in obtaining the absolute temperature of 
transition was attempted. The thermocouple was calibrated when in 
place by means of the melting of a pure silver bead (see footnote 3). 

Fig. 3 shows the variation of rate of diffusion with temperature 
when the entering pressure of hydrogen is 73.4 cm., the average exit 
pressure being 0.003 cm. The center of the equilibrium transition 
region appears at 910.5 degrees Cent. (1670 degrees Fahr.) on the 
chromel-alumel thermocouple. 
































Fig. 4 shows the same procedure as Fig. 3, but with the entering 
hydrogen pressure lowered to 19.5 cm., thereby making the mean 
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concentration of hydrogen about one-half as great. This is because 
the solubility of hydrogen in iron varies as the square root of the 
pressure in this temperature region. The center of the transition 
equilibrium region is now about 1 degree higher. We must empha- 
size the fact that the thermocouple was not accurately calibrated in 
this case. Hence the small deviation from the A, transition tempera- 
ture obtained by Wells, Ackley and Mehl. This small deviation will 
not affect the conclusions reached as to the effect of concentration of 
hydrogen on the A, point. 

Fig. 5 is for a different sample, assembled by a different tech- 
nique. This will illustrate the precise study of allotropic transforma- 





Equilibrium -Line- 
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890 900 910 920 
Tempereture, °C 
Fig. 4—Egquilibrium Conditions at As. Impressed 


Pressure of Hydrogen 17.5 cm. 


tion points made possible by our method. This sample was also 
carbonyl iron decarburized in Dr. Mehl’s laboratory. It was pressed 
into a nickel tube, gold welded in a hydrogen atmosphere at the 
interface, machined to 0.060 inch thickness, then mounted in a 
diffusion apparatus in the usual way. 

The temperature control was carefully adjusted and the body- 
centered—face-centered phases brought into equilibrium with rather 
low pressure (17 cm.) hydrogen on the entering side. The sample 
was then run through two different cycles of changes in the A, region. 
The pressure was then raised to atmospheric and a third cycle of 
changes taken in the same region. The effect is a lowering of the 

ansition by almost exactly 1 degree, as might have been anticipated 


y a study of Figs. 3 and 4. 
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une 


The best experimental value of the change is about 1 devree 
Cent., and means that if the sample were completely surrounded by 
hydrogen at these pressures a total variation of 2 degrees Cent. would 
be found. We are assuming the concentration of H, to be only one- 
half that found in solubility measurements because of the approxi- 
mately zero-value of the concentration on the exit side. Thus, if the 
sample were completely surrounded by hydrogen as in the case of 
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Fig. 5—Variation of Rate of 
Diffusion with Pressure of Hydrogen. 
Roberts and Davey’s? determination of the body-centered—face-cen- 
tered point by X-ray methods, about 4 degrees should be added to 
the observed result. Incidentally, this will bring these investigators’ 
results into agreement with those of Wells, Ackley and Mehl’. 

It appears from the data illustrated in Figs. 3, 4, and 5, that in 
such determinations as those made by Wells, Ackley and Mehl the 
residual hydrogen should have a negligible effect on the transition 
temperature given by these authors, particularly since isotherms taken 
between 74 and 1 cm. entering pressure follow the square root 
formula very exactly. Hence, when Wells, Ackley and Mehl changed 
to a neutral atmosphere, they automatically reduced the hydrogen 


concentration to less than one-eighth and this amount would lower the 


transition less than 0.5 degree Cent. 
From thermodynamic considerations we would expect the effect 
of hydrogen in solution to be as follows: Let T, be the true bod 
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centered—face-centered transition temperature for pure iron, and AH 
the increase in heat content in going from the face-centered to the 
body-centered form. Also, let k be the ratio of hydrogen solubility 
in the face-centered and body-centered forms, N, the mol-fraction 
of H* in solution in gamma-iron, at the temperature T, then it can 
be shown® that for these very dilute solutions of H, in Fe that 


dT RT 
ii ek — 1) 
dN; AH 
If we take ACH = —220 cal/gm atom, T, — 910 degrees Cent., and 


k — 0.69 (see Sieverts® for any diffusion curve in this region) then 
d si 

0.878 x 10* deg/mol fraction H,. Sieverts gives 0.8 mg H, 
dN, 
per 100 g. as the solubility of H, in iron at the body-centered—face- 
centered transformation, or dN, (for H*) = 4.47 x 10°*. Therefore 
dT = 3.9 degrees Cent. Consequently, we would expect hydrogen 
at one atmosphere pressure to lower the true temperature about 


+ degrees Cent. 


CONCLUSION 


Hydrogen diffusion studies give a clear picture of the equilibrium 
region of an allotropic transformation such as A, in pure iron. The 
technique employed would also enable one to fix accurately the true 
temperature of A, if a suitable method is used for assembling a 
diffuser of pure Mehl iron without small contaminations. 

The diffusion method has been used to furnish information 
about the effect of hydrogen solubility on the A, point, and it is 
shown that if previous measurements have been obtained in a hydro- 
gen atmosphere at a pressure of one atmosphere, a correction of 
about 4 degrees Cent. must be added to the A, temperature. The 
result published by Wells, Ackley and Mehl’ on the temperature of 
the body-centered—face-centered transition requires that less than 
0.5 degrees Cent. be added to take account of possible hydrogen 
concentration. 

We wish to express our thanks to Dr. R. F. Mehl for furnishing 

s with a supply of his highly decarburized carbonyl iron. 


SLewis and Randall, Thermodynamics, Chap. 20, McGraw-Hill, 1923. 
®A. Sieverts, Z. Physik. Chem., Vol. 77, 1911, p. 591. 











THE EFFECTS OF SUBSTANTIAL ADDITIONS OF 
ALUMINUM, COBALT, TITANIUM AND COLUMBIUM 
ON THE PROPERTIES OF 80 NICKEL-20 CHROMIUM 


ALLOYS 1 
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By ArtTHUR L. SANFORD AND Oscar E, HARDER chrom 
the al 
Abstract “s 
The effects of 2.5, 5, and 10 per cent additions of nickel 
aluminum, cobalt, titanium and columbium on the prop- allovs 
erties of alloys of the 80 nickel-20 chromium type have oud 
been investigated. A commercial 80 nickel-20 chromium , a! 
alloy was used as the base for comparison. Tensile and resist 
hot hardness tests up to 1000 degrees Cent. (1830 degrees peratt 
Fahr.) were made. Resistance measurements at 20 to 67: 
degrees Cent. and life tests of 1175 and 1260 degrees : ; 
Cent. (2145 and 2300 degrees Fahr.) were also made, as i 
well as growth tests at 1040 degrees Cent. (1905 degrees sais: 
Fahr.) and bend tests after heating to 1315 degrees Cent. . mum 
(2400 degrees Fahr.). perat' 
The aluminum additions were the most beneficial, minu 
resulting in (1) increased tensile properties up to 800 ed 
degrees Cent. (1470 degrees Fahr.), except elongation _ 
at 600 to 800 degrees Cent. (1110 to 1470 degrees Fahr.), dite 
(2) mcreased hot hardness, (3) increased electrical resist- sider 
ance, and (4) increased life at 1175 and 1260 degrees | 
Cent. A columbium addition of 10 per cent gave in- ieles 
creased electrical resistance and increased tensile prop- 
erties and hardness up to 1000 degrees Cent. The lower alloy 
columbium and the titanium additions were less beneficial, to gt 
resuiting in slightly increased tensile properties at 600 to the 1 
1000 degrees Cent. (1110 to 1830 degrees Fahr.) and 
slightly increased electrical resistance. The cobalt addi- . 
tions were not beneficial to the properties studied. The the 
experimental materials showed some growth in 100 hours and 
at 1040 degrees Cent. (1905 degrees Fahr.), but retained : chro 
their cold bending properties after heating to 1315 degrees . of: 
Cent. (2400 degrees Fahr.). , 
Good correlation was found between the elevated a 
temperature tensile tests and the mutual indentation hot alto} 
hardness tests. (19 
A paper presented before the Twentieth Annual Convention of the Society - 
held in Detroit, October 17 to 21, 1938. Of the authors, Arthur L. Sanford It 1 
is metallurgist and Oscar E. Harder is assistant director, Battelle Memorial all, 
Institute, Columbus, Ohio. Manuscript received July 25, 1938. ne 
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INTRODUCTION 


HE commercial electric resistor alloys of today may be divided 
fb Bes two general classes: namely, (1) the alloys of nickel and 
chromium with or without substantial percentages of iron and (2) 
the alloys of the iron-chromium-aluminum group, some of which 
also contain small amounts of cobalt. 

The principal alloys of the nickel-chromium group are the 80 
nickel-20 chromium and 60 nickel-15 chromium-25 iron alloys. These 
alloys are austenitic in structure and possess good elevated tempera- 
ture mechanical properties. They are also characterized by good 
resistance to growth, creep and distortion at their operating tem- 
peratures. The ohmic resistance of these alloys ranges from 650 
to 675 ohms/c.m.f. 

The iron-chromium-aluminum alloys possess higher ohmic 
resistances and better resistance to oxidation than the nickel-chro- 
mium and nickel-chromium-iron alloys. However, the elevated tem- 
perature mechanical properties of the ferritic iron-chromium-alu- 
minum alloys are relatively poor. They are also subject to 
considerable growth at their operating temperatures. Manufacturing 
difficulties make the cost of the iron-chromium-aluminum alloys con- 
siderably higher than the cost of the nickel-chromium alloys. 

The “ideal” resistor alloy should combine the electrical resis- 
tivity and oxidation resistance of the iron-chromium-aluminum 
alloys with the elevated temperature mechanical properties, resistance 
to growth and distortion, and the relative ease of manufacturing of 
the nickel-chromium and nickel-chromium-iron alloys. 

This preliminary investigation has been confined to studying 
the effects of substantial additions of aluminum, cobalt, titanium, 
and columbium on the properties of alloys of the 80 nickel-20 
chromium type. The effects of 2.5, 5, and 10 per cent additions 
of these elements on the room and elevated temperature tensile 
properties and hardness, on electrical resistivity, on the life of the 
alloys in the intermittent life test, on growth at 1040 degrees Cent. 
(1905 degrees Fahr.) and on cold bending properties after heating 
to 1315 degrees Cent. (2400 degrees Fahr.) have been studied. 
it is known that slight variations in the deoxidation or handling of 
‘loys of this class may produce large changes in behavior, especially 

th respect to life tests, hence the results are chiefly of a compara- 
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tive nature since an attempt was made to handle all of the ex 
mental heats alike. 


PREPARATION OF ALLOYS 


The nominal compositions of the experimental alloys which 
were prepared and investigated are shown in Table I. Analysis of 
Alloy No. 1 and Alloy No. 2 showed 2.25 and 4.33 per cent alu- 
minum, indicating about 90 per cent recovery. 













Table | 
Nominal Compositions of Experimental Alloys 





Alloy Composition—Per Cent 
: Cr Al Co Ti Cb Si Fe Ta Mr 


Z 





















] 78.0 19.5 2.5 (2.25% Al—by analysis) 

2 76.2 19.0 $8 (4.33% Al—by analysis) 

3 72.7 18.2 1 

4 78.0 19.5 2 

5 76.2 19.0 4.8 

6 72.7 18.2 9.1 : 

7 78.0 19.5 a ae 

8 76.2 19.0 4.8 

9 72.7 18.2 9.1 aia = 
10 76.5 19.1 2.5 0.35 a 0.20 
11 73.4 18.4 4.7 0.65 23 0.35 
12 67.9 17.0 8:6 .20 4.2 0.65 0.5 


The alloys were prepared in a 20-kilowatt high-frequency induc- 
tion furnace using a magnesia crucible. Electrolytic nickel was 
melted and deoxidized with 0.05 per cent of calcium-silicide. Com- 
mercial 98 per cent chromium was added and melted to form the 
base alloy of 80 nickel-20 chromium. After deoxidation with 0.10 
per cent of metallic calcium, the aluminum, cobalt, titanium, or 
columbium was added. Commercial aluminum, 98 per cent cobalt, 
98, per cent titanium and ferrocolumbium were used to make the 
additions. The alloys were cast as 5-pound ingots. The pouring 
temperature varied from 1480 to 1540 degrees Cent. (2700 to 2800 
degrees Fahr.). 














The ingots were forged to 1%-inch square bars and hot-rolled 
to 4%-inch round rods. The forging and hot rolling temperature was 
about 1150 degrees Cent. (2100 degrees Fahr.). Although the 
alloys were very stiff at the hot working temperature, most of them 
were readily forged and rolled, but required numerous reheatings 
The 10 per cent aluminum and titanium alloys cracked badly during 
forging:and were discarded. 


driv 
the 

men 
rage 
inch 
inch 
oven 
elon 


leve 





/une 


experi- 


which 
ysis of 


nt alu- 


Mr 


induc- 


1 was 

Com- 
m the 
h 0.10 
a, OF 
cobalt, 
ce the 
uring 
» 2800 


rolled fi 
e was ¢ 
h the F 
them 
tings 4 
luring ; 


1939 MODIFIED 80-20 NICKEL-CHROMIUM ALLOYS 541 


The %-inch rods were hot-swaged at about 1150 degrees Cent. 
(2100 degrees Fahr.) to wire 0.107-inch in diameter. The hot- 
swaged wire was annealed for one-half hour at 1040 degrees Cent. 
(1900 degrees Fahr.), sand blasted to remove the scale, and cold 
drawn to Q.102-inch diameter. Most of the cobalt alloys were 
civen a further reduction to 0.091 inch. 


TestinG Metuops AND EQUIPMENT 


Tensile Tests: The tensile tests were made using a mechanically 
driven testing machine of 1000-pound capacity. The head speed of 
the testing machine was 0.10 inch per minute. The tensile speci- 
mens were 12 inches long and marked with %4-inch (+ 0.005-inch) 
cage marks over the center 6 inches. The per cent elongation in 6 
inches was derived from the extension occurring in the marked 6 
inches regardless of the position of the fracture, although this was 
generally within the center 2 inches. In calculating the per cent 
elongation in % inch (roughly five times the diameter) an “inverse 
lever arm” method was used to adjust the position of the fracture 


to the center of the ‘% inch used. The yield strength values 
were taken at the points where the stress-strain curves deviated 
perceptibly from a straight line. 

For the elevated temperature tensile tests a small electric fur- 
nace, 6% inches long, was constructed with provisions made for 
shunting the center 3 inches of the winding so that a uniform 
temperature zone of .at least 2 inches could be maintained. The 
results of the furnace calibration at 200, 400, 600, 800, and 1000 
degrees Cent. are shown in Fig. 1. The temperature variation in 
the center 2 inches was 4 degrees Cent. or less up to 800 degrees 
Cent. and was 6 degrees Cent. at 1000 degrees Cent. Tensile 
specimens were held 10 minutes at temperature before loading. 

Hardness Tests: The elevated temperature hardness tests were 
made by the mutual indentation method which has been fully 
described by Harder and Grove (1)* and need not be discussed here. 
(he specimens for the hot hardness tests were machined from '%- 
The mutual 
indentation hardness tests were supplemented by room temperature 
Kockwell “B” and ‘D” tests made before and after the elevated 
temperature tests. 


inch square stock cut from bars after hot rolling. 


Electrical Resistance Measurements: The room temperature 


‘The figures appearing in parentheses refer to the bibliography appended to this 


iper, 
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electrical resistance measurements were made on a Kelvin double 
bridge using specimens 35 centimeters long. The hot resistance cata 
were obtained from the life tests. 

Life Tests: The life testing equipment and procedure were 
similar to those described by Hoyt and Scheil (2) and need not be 
discussed in detail. While Hoyt and Scheil found it desirable to 
test their iron-chromium-aluminum alloy under no load conditions, 
the A.S.T.M. standard stress of 35 pounds per square inch was 


Inches fram Center of furnace 





Fig. 1-—Calibration Results on Elevated Temperature Tensile Furnace. 






applied to the wires in these tests. An intermittent cycle of 2 
minutes on and 3 minutes off was used. In conformation with 
general practice in life testing of resistor materials, the useful life 
was taken as the life to a 10 per cent increase in hot electrical 
resistance. 

Growth and Bend Tests: Relatively long time growth tests were 
made by heating specimens continuously for 100 hours at 1040 
degrees Cent. (1905 degrees Fahr.). Some short time growth tests 
were made by heating additional specimens 6 hours at 1090 degrees 
Cent. (1995 degrees Fahr.) plus 2 hours at 1315 degrees Cent. 
(2400 degrees Fahr.). Length measurements were made _ before 
and after heating. Repeated 180-degree bend tests (radius of bend 
about % inch) were made on the growth test specimens afte: 
heating to 1315 degrees Cent. (2400 degrees Fahr.). 
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TENSILE TESTS 


Tensile tests were made at room temperature and at 400, 600, 
g00, and 1000 degrees Cent. (750, 1110, 1470, 1830 degrees Fahr.) 
on the experimental alloys which had been successfully reduced to 
cold drawn wire. ‘Tests were made on commercial 80 nickel-20 
chromium resistor wire (0.081 inch) at the same temperatures as 
the bases for comparison. Duplicate tests were made on each alloy 
at each temperature, except 400 degrees Cent. (750 degrees Fahr.). 
All tensile specimens were annealed ™% hour at 1000 degrees Cent. 
(1830 degrees Fahr.) before testing. 

The results of the tensile tests are given in Table II and in 
Figs. 2 to 6, inclusive. Where single curves are shown for more than 
one alloy, the averages of the values in Table II for these alloys 
have been plotted. 

Room Temperature Properties: The room temperature tensile 
strengths covered a range from 95,000 to 153,000 pounds per 
square inch, with the commercial 80 nickel-20 chromium alloy about 
midway in this range. Three of the experimental alloys (2.5 and 
5 per cent aluminum and 10 per cent columbium) had tensile 
strengths from 18,000-32,000 pounds per square inch higher than 
the commercial 80 nickel-20 chromium alloy. The tensile strengths 
of the remaining experimental alloys fell in two groups, (1) 95,000- 
100,000 pounds per square inch for the cobalt alloys and (2) 
111,000-115,000 pounds per square inch for the titanium and low 
columbium (2.5 and 5.0 per cent) alloys. 

The aluminum and 10 per cent columbium alloys also had higher 
yield strengths and lower elongation than the commercial 80 nickel- 
20 chromium alloy. The elongation of these alloys was fairly good. 
however, (25 per cent in 0.5 inch). The yield ratios of these alloys 
were 0.63 for the aluminum alloys and 0.54 for the 10 per cent 
columbium alloy compared with 0.50 for the commercial alloy. 

The cobalt, titanium, and low columbium (2.5 and 5 per cent) 
alloys, which showed decreased tensile strengths, also showed de- 
creased yield strengths, decreased yield ratios, and in some cases an 
increase in elongation in comparison with the commercial 80 nickel- 
<0 chromium alloy. The yield ratios of these alloys varied from 
0.40 to 0.45. 

Elevated Temperature Properties: The mechanical properties of 
the commercial 80 nickel-20 chromium alloy (Fig. 6) change but 
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little as the temperature is increased to 400 degrees Cent. Above 
100 degrees Cent. the yield strength and tensile strength drop off 
rapidly, the rate of decrease increasing with the temperature up to 
800 degrees Cent. and decreasing somewhat at 1000 degrees Cent. 
(1830 degrees Fahr.). The ductility as indicated by the elongation 
in “%4-inch drops to a minimum at 600 degrees Cent. (1110 degrees 
Fahr.), rises at 800 degrees Cent. (1470 degrees Fahr.), and falls 
again at 1000 degrees Cent. (1830 degrees Fahr.). The elongation 
in 6 inches showed no minimum at 600 degrees Cent. (1110 degrees 
Fahr.), but did level off from 600 to 1000 degrees Cent. (1110 to 
1830 degrees Fahr.). 

Quier (3) and Pilling and Worthington (4) have given data on 
the mechanical properties of alloys of the 80 nickel-20 chromium 
type. The results for the present 80 nickel-20 chromium alloy are 
in excellent agreement with the values found by Quier. The varia- 
tion in tensile strength from Quier’s data is not over 5000 pounds 
per square inch up to 600 degrees Cent. (1110 degrees Fahr.), and 
is only 1000 pounds per square inch at 800 and 1000 degrees Cent. 
(1470 and 1830 degrees Fahr.). Quier’s ductility curves for elonga- 
tion and reduction of area showed minimums at 595 degrees Cent. 
(1100 degrees Fahr.), rose to maximums at about 705-735 degrees 
Cent. (1300-1350 degrees Fahr.) and fell again at higher tempera- 
tures. This corresponds well with the present minimum at 600 de- 
grees Cent. (1110 degrees Fahr.), the rise at 800 degrees Cent. (1470 
degrees Fahr.) and the drop at 1000 degrees Cent. (1830 degrees 
ahr. ). 

At 400 degrees Cent. the tensile strength curves for the alu- 
minum alloys (Fig. 2) and the 10 per cent columbium alloy (Fig. 
5) have been drawn through 140,000 and 132,000 pounds per square 
inch respectively, since the specimens were too strong for the 
capacity of the testing machine used for the elevated temperature 
tensile tests. These values of 140,000 and 132,000 pounds per 
square inch were determined by averaging the slopes of the tensile 
curves for the other alloys from 20 to 400 degrees Cent. The same 
applies to the tensile strength of the aluminum alloys at 600 degrees 
Cent. (112,000 pounds per square inch in Fig. 2), since the speci- 
mens broke in flawed areas and no additional material was available. 

The changes in the mechanical properties of the experimental 
loys at elevated temperatures correspond well with the changes 
‘or the commercial 80 nickel-20 chromium alloy. The tensile and 
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yield strengths decrease but slightly at 400 degrees Cent., fall with 


increasing rates from 400 to 800 degrees Cent., and at somewhat 
slower rates from 800 to 1000 degrees Cent. (1470 to 1830 degrees 
Fahr.). At 800 degrees Cent. (1470 degrees Fahr.) the tensile 


strengths were generally about 25 to 30 per cent of the room tem 
perature values. 
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Fig. 2--Aluminum Alloys. Results of Room and Elevated Tem 


perature Yensile Tests on Annealed Electric Resistor Alloys 













The changes in the ductility (elongation in 0.5 inch) with tem 
perature for the cobalt, titanium, and columbium alloys fo!lowed the 
same trends as the 80 nickel-20 chromium alloy with minimums at 
600 degrees Cent. (1110 degrees Fahr.), sharp recoveries to maxi- 
mums at 800 degrees Cent. (1470 degrees Fahr.), and another drop 
at 1000 degrees Cent. (1830 degrees Fahr.). The minimum elonga- 
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tion values at 600 degrees Cent. (1110 degrees Fahr.) do not 
indicate poor ductility, however, since none of these alloys had less 
than 20 per cent elongation in 0.5 inch at this temperature. On the 
other hand, the ductility of the aluminum alloys was poor in the 
region from 600 to 800 degrees Cent. (1110 to 1470 degrees Fahr.), 








but recovered sharply at 1000 degrees Cent. (1830 degrees Fahr.) 
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Fig. 3—Cobalt Alloys. Results of Room and Elevated Tem 
perature rensile Tests on Annealed Electric Resistor Alloys. 


The superiority of the aluminum and 10 per cent columbium 


alloys over the commercial 80 nickel-20 chromium alloy (see Fig. 7) 
in respect to tensile strength is maintained up to 800 degrees Cent. 


1470 degrees Fahr.). The titanium and low columbium (2.5 and 
) per cent) alloys, which had slightly lower tensile strengths than 
ie 80 nickel-20 chromium alloy at 20 and 400 degrees Cent., have 
small advantages over the 80 nickel-20 chromium alloy at 600 and 
SOO degrees Cent. At 1000 degrees Cent. the columbium and 
titanium alloys had the highest tensile strengths, while the aluminum 
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alloys together with the commercial 80 nickel-20 chromium alloy had 
the lowest strengths. 

The relatively poor elevated temperature tensile strength of one 
of the iron-chromium-aluminum-cobalt resistor alloys is shown 
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Fig. 4—Titanium Alloys. Results of Room and Elevated Tem 
perature Tensile Tests on Annealed Electric Resistor Alloys. 





in Fig. 7 for comparison with the commercial 80 nickel-20 chromium 
alloy and the present experimental alloys. The data for the iron- 
chromium-aluminum-cobalt alloy were taken from Nordstrom 
(5,6). At 1000 degrees Cent. the tensile strength of this alloy is 
2800 pounds per square inch compared with 8000-8600 pounds per 
square inch for the 80 nickel-20 chromium and the experimental alu 
minum and cobalt alloys and with 9600 to 10,700 pounds per square 
inch for the experimental titanium and columbium alloys. 


Hot HarpNess TEsTs 





Mutual indentation hot hardness tests were made on the exper! 
mental alloys at 400, 600, 700, 800, and 1000 degrees Cent. (750, 
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1110, 1290, 1470, and 1830 degrees Fahr.). No hot hardness tests 
were made on the commercial 80 nickel-20 chromium alloy. The 
results of the hot hardness tests are given in Table III and in Fig. 8. 
Table IV gives the results of the supplementary Rockwell “B” or 
“TD” tests made at room temperature before and after the hot hard- 
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Fig. 5—Columbium Alloys. Results of Room and Elevated Tem 
perature Tensile Tests on Annealed Electric Resistor Alloys. 


ness tests. As was the case with the elevated temperature tensile 
data, single curves have been plotted in Fig. 8 for the hot hardness 
of similar alloys in some instances; for example, the 2.5 and 5 per 
ent aluminum alloys. 

The similarity between the hot hardness curves and the tensile 
trength curves is very striking. The positions of the various alloys 
n Figs. 7 and 8 are the same with the exception of the hot hardness 
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curve for the 5 per cent titanium alloy. The hot hardness values for 
this alloy would probably have been lower and close to those of the 
2.5 per cent titanium alloy had the hot hardness specimens been 
annealed at 1000 degrees Cent. (1830 degrees Fahr.) before testing, 


Table Ill 
Results of Mutual-Indentation Hot Hardness Tests 











Brinell Hardness at 
7 Y. £6. Ge ct: 6c vee hk... COO" CC. 1000° ¢ 











1 2.5 Al 280 238 218 190 105 21 
2 5.0 Al 290 248 234 203 122 23 
4 2.5 Co 155 123 94 73 50 25 
5 5.0 Co 155 109 76 80 58 27 
6 10.0 Co 155 111 76 71 54 25 
7 , ie» 200 152 132 112 68 26 
8 5.0 Ti 270 226 217 210 89 26 
10 »5 Ch 170 128 122 95 61 27 
11 5.0 Cb 170 117 108 92 61 30 
12 10.0 Ch 225 179 159 145 92 32 





“RB” 


*Conversion from Rockwell 





as was the case with the tensile specimens. This is indicated by the 


proximity of the elevated temperature tensile data for these titanium 
alloys, and the marked drop in the room temperature hardness of 
the 5 per cent titanium alloy after hot hardness testing at 1000 
degrees Cent. (1830 degrees Fahr.). 

The room temperature hardness of these alloys covered a range 
from 155 Brinell for the cobalt alloys to 285 Brinell for the aluminum 
alloys. At 400 and 600 degrees Cent. the hot hardness of all of the 
alloys decreased at fairly uniform rates. At 700 and 800 degrees 
Cent. the rate of hardness loss increased rapidly, the increase in rate 
being the greatest for those alloys having the highest hardness at 
600 degrees Cent. At 1000 degrees Cent. (1830 degrees Fahr.) 
the alloys which had the highest hardness at lower temperatures 
have lost their advantage almost entirely, as the Brinell hardness at 
1000 degrees Cent. (1830 degrees Fahr.) varied only from 21 to 32 
However, the relation between the hot hardness and the tensile 
strength data at 1000 degrees Cent. (1830 degrees Fahr.) is still 
good with the aluminum alloys the lowest in each case, while the 
columbium alloys were highest, with the titanium and cobalt alloys 
in between. The supplementary hardness tests (Table 1V) showed 
no marked drop in room temperature hardness after hot hardness 
testing except for 5 per cent titanium alloy as already noted. 
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ELECTRICAL RESISTANCE 


Room temperature electrical resistance measurements were made 
on specimens which had been annealed 0.5 hour at 1000 degrees Cent. 
(1830 degrees Fahr.). The hot resistance data were obtained from 
measurements made during the first hour of the life tests. The 
results of the electrical resistivity measurements are shown in 
Table V. 


- 120 = 


In 





S| 
Tensile Strength ~~¥ 80 Ni-20 Cr Alloy 


| 





2 
© 


_ Neld Strength 
, 


8 





Elong.-O.5 5 


a mi iy 
¥ 





NK 
© 


8 

| 

| 
V/ , 


Elongation - 9% and Stress -1000 Lbs. per SQ 





| 
i 
| 
| 
| 


0 
O i 
20 400 600 800 1000 
Jerperature, °C. 
Fig. 6—Results of Room and Elevated Temperature Tensile 
Tests on Commercial 80 Nickel-20 Chromium Electric Resistor Alloys. 


The additions of aluminum, titanium, and columbium were 
beneficial in that the resistance at 20 degrees Cent. was higher than 
tor the commercial 80 nickel-20 chromium. The aluminum alloys 
had the highest resistance of the experimental materials, 26 per 
ent higher than the 80 nickel-20 chromium, which puts this mate- 
rial in the resistance range covered by some of the iron-chromium- 


’ 


uminum-cobalt alloys. 
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The aluminum alloys had the least increase in resistance at Oy 
1175 degrees Cent. (2150 degrees Fahr.), but showed considerable degt 
increase at 1260 degrees Cent. (2300 degrees Fahr.). tests 
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Fig. 7—-Comparison of Elevated Temperature Tensile Strengths of Experimental Com: 
Resistor Alloys with Commercial 80 Nickel-20 Chromium and with Iron-Chromium 
Aluminum-Cobalt Alloys. 
Table IV Mt 
Results of Room Temperature Hardness Tests Made After Hot Hardness Tests* cen 
Brinell Hardness after Testing at bul 
No Alloy 20° C 400°C. 600°C. 700°C. 800°C 1000" ‘ Ia] 
I 2.5 Al 280 290 290 290 270 250 . ’ 
2 5.0 Al 290 280 290 290 70 255 j the 
4 2.5 Co 155 160 160 150 150 145 
5 5.0 Co 155 155 155 155 150 145 i all 
6 10.0 Co 155 165 160 160 160 145 | 
7 oy 200 195 195 200 195 160 ; 22 
x 5.0 Ti 270 270 280 280 215 175 
10 2.5 Ch 170 180 180 165 170 165 : 
11 5.0 Ch 170 180 180 165 170 165 
12 10.0 Cb 225 215 220 220 25 220 bet 
*All values by conversion from Rockwell “‘B”’ or “D”. rie 
: plo 
Lire TEsts cel 
Life tests were made on the 2.5 per cent cobalt, 5 per cent tita chi 


nium, 2.5 and 5 per cent columbium, and the 2.5 and 5 per cent alu- 
minum alloys, as well as the commercial 80 nickel-20 chromium 
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loy. Two test temperatures were used, namely, 1175 and 1260 
degrees Cent. (2150 and 2300 degrees Fahr.). The results of the life 
tests are given in Table VI, while Fig. 9 shows typical increase in 
resistance versus time curves. 

At 1175 degrees Cent. (2150 degrees Fahr.) the 2.5 per cent alu- 


Table V 


Electrical Resistance Measurements on Annealed Resistor Alloys 


Electrical Resistance at 


Ze” <. iis <. 
Per Cent Per Cent 
Alloy ot of Cold 
No Alloy Ohms/c.m.f. 80 Ni-20 Cr Ohms/c.m.f. Resistance 
l 2.5 Al 820 126 873 106 
1028 (1260° C.) 125 
5.0 Al 820 126 1056 (1260° C.) 129 
} 2.5 Co 625 96 748 120 
878 (1260° C.) 140 
0 Ce 611 94 ‘ 
6 10.0 Ce 611 94 
7 2.5 Ti 733 112 aha atte 
8 5.0 Ti 706 108 792 112 
10 2.5 Ch 693 106 781 
11 5.0 Cb 682 105 775 
12 10.0 Cb 766 118 heal — 
(commercial 80 Ni-20 Cr 652 100 710 (1260° C.) 10¥ 


minum and cobalt alloys showed lives of about 70 hours to a 10 per 
cent increase in resistance. The remaining alloys threw their scale and 
burned out in 16 to 18 hours. At 1260 degrees Cent. (2300 degrees 
hahr.) the advantage of the aluminum alloys became apparent when 
the 2.5 per cent alloy had a useful life of 35 hours and the 5 per cent 
alloy 53 hours, while the 80 nickel-20 chromium alloy had a life of 
22 hours. 

It has been suggested by Hoyt and Scheil (2) that the relation 
between the life of a resistor and the temperature is an exponential 
me. Pertinent data were secured from the literature (2, 5-12) and 
plotted in this manner in Fig. 10 and results for the 2.5 and 5 per 
cent aluminum alloys have been included. The data for the 37.5 
chromium-7.5 aluminum alloy and the 2.5 and 5 per cent aluminum 
alloys were reduced from 7.5 and 5-minute cycles, respectively, to 4- 
minute cycles (which is the A.S.T.M. Standard) since it has been 
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shown by Hessenbruch and Rohn (6) and by Bash and Harsch (13) mn 
that the life of resistors is approximately proportional to the length esl 
of cycle used in the testing. 
That the exponential relationship holds is evident, though the 
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Fig. 8—Results ef Mutual Indentation Hot Hardness Tests 
on Experimental Electric Resistor Alloys 


1000 








slope of the lines may vary slightly for different classes of alloys. 
The 2.5 per cent aluminum alloy occupies a position between the 80 
nickel-20 chromium and the 25 chromium-4.5 aluminum-2.5 cobalt 
alloys, while the 5 per cent aluminum alloy lies between the 25 chro- 


mium-5 aluminum-3 cobalt and the 25 chromium-4.5 aluminum-2.5 
cobalt alloys. 





(GROWTH AND BEND TEsTs 





Increase in Resistance, % 


The growth tests which have been made on the experimental 
alloys and on certain commercial alloys are inadequate for a com- 
plete appraisal of the stability or relative stability of these alloys. 
While it is realized that repeated heating and cooling tests over 
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ng periods of time are necessary for a final evaluation of electric 
resistor alloys and such tests have not been made, some data on 


Tabe VI 
Results of Life Tests 


Temp Hours Life to 10% Increase 
Alloy al in Hot Resistance Remarks 
5 Al 1175 69 Removed after 72 Hours 
2.5 Co 1175 70 Removed after 72 Hours 
5.0 Ti 1175 Burn Out—18 Hours 
»5 Ch 1175 turn Out—18 Hours 
0 Cb 1175 Surn Out—16 Hours 
5 Al 1260 35 Removed at 54 Hours 
(Resistance up 17%) 
0 Al 1260 53 Removed after 60 Hours 
(Resistance up 14%) 
cS fo 1260 ao surn Out—18 Hours 
g0) Ni-20 C1 1260 22 turn Out—52 Hours 


growth have been obtained and are shown in Table VII.  Speci- 
mens of the experimental alloys and of the commercial alloys were 
heated at 1040 degrees Cent. (1900 degrees Fahr.) for 100 hours and 
the increase in length was then determined. This temperature may 
he considered a normal operating temperature for 80 nickel-20 chro- 
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Fig. 9—Results of Life Tests 
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mium but is considerably below the maximum operating temper 
ture for iron-chromium-aluminum or iron-chromium-aluminun 
cobalt alloys. In these tests the experimental alloys showed 
growths (except for 2.5 per cent titanium) of 0.001 to 0.009 inch 
per foot and compared unfavorably with 80 nickel-20 chromium and 
with the iron-chromium-aluminum-cobalt type alloys. The iron- 
chromium-aluminum 





alloy, however, in this relatively mild _ test 
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Fig. 10-—-Exponential Relationships Between the 
Lives of Various Electric Resistor Alloys. 




















showed a growth of 0.008 inch per foot which was greater than 
any of the experimental alloys except 10 per cent cobalt. The alloys 
with 2.5 and 5 per cent aluminum which had shown promise from 
other properties showed 0.001 and 0.005 inch per foot growths, 
respectively, and are rated unfavorably on the basis of growth. 
Short heating tests such as 6 hours at 1090 degrees Cent. (2005 
degrees Fahr.) and 2 hours at 1315 degrees Cent. (2400 degrees 
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ahr.) did not show any growth in the experimental alloys but did 
show a growth of 0.08 inch per foot in the iron-chromium-alu- 





minum alloy. 
The results of bend tests on specimens which had been heated 





6 hours at 1090 degrees Cent. (2005 degrees Fahr.) and 2 hours 







Table VII 
Results of Growth Tests at 1040 Degrees Cent. (1900 Degrees Fahr.) 













Alloy Growth-in. /ft. Alloy Growth-in. /ft. 











25 Al 0.001 5.0 Cb 0.003 
5.0 Al 0.005 10.0 Cb 0.002 







2.5 Co 0.001 80 Ni-20 Cr 0.001 
5.0 Co 0.004 37.5 Cr-7.5 Al 0.008 

10.0 Co 0.009 25 Cr-5.5 Al-3.5 Co 0.000 
LS Es 0.000 25 Cr-5.0 Al-3.0 Co 0.000 
5.0 Ti 0.001 25 Cr-4.5 Al-2.5 Co 0.001 
Ss €& 0.001 












at 1315 degrees Cent. (2400 degrees Fahr.) are shown in Table 





VIII. It is obvious that the experimental alloys have retained their 





ductility after this heating, while the iron-chromium-aluminum and 





iron-chromium-cobalt alloys are very brittle at room temperature. 





The experimental alloys also remained ductile after heating 100 





hours at 1040 degrees Cent. 








Table VIII 
Results of Repeated 180-Degree Bend Tests Made on Specimens Heated to 
1315 Degrees Cent. (2400 Degrees Fahr.) 

















No. of 180° Bends Alloy No. of 180° Bends 









2.5 Al 3.5 2.5 Cb 
5.0 Al 4 5.0 Cb 
Pe 3 5 10.0 Cb 





wmv 





CONCLUSIONS 







1. The 2.5 and 5 per cent aluminum alloys had the highest 





yield strengths, tensile strengths, and hot hardness values by a con- 





siderable margin up to 800 degrees Cent. (1470 degrees Fahr.). At 
1000 degrees Cent. (1830 degrees Fahr.) these alloys had lost these 







advantages. The aluminum alloys were low in ductility at 600 and 
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SOO degrees Cent. (1110 and 1470 degrees Fahr.). The electrical 
resistivity at 20 degrees Cent. of these alloys was 26 per cent higher 
than the commercial 80 nickel-20 chromium alloy used as a base for 
comparison. Increased life at 1175 and 1260 degrees Cent. (2150 
and 2300 degrees Fahr.) was noted for these alloys over the com. 
mercial 80 nickel-20 chromium alloy. 

2. Of the columbium alloys, the 10 per cent alloy was the best, 
being next to the aluminum alloys as regards elevated temperature 
tensile properties up to 800 degrees Cent. The electrical resistivity 
at 20 degrees Cent. of this alloy was 18 per cent above that of the 
commercial 80 nickel-20 chromium alloy. 

3. The 2.5 and 5 per cent columbium and titanium alloys had 
similar properties (except the hot hardness of the 5 per cent titanium 
alloy as noted). Up to 400 degrees Cent. (750 degrees Fahr.) the 
tensile strengths were slightly less than for the 80 nickel-20 chro 
mium alloy, but at 600 to 1000 degrees Cent. (1110 to 1830 degrees 
Fahr.) were slightly higher. Small increases in resistivity at 20 
degrees Cent. compared with the 80 nickel-20 chromium alloy were 
found. 

4. The cobalt alloys had the lowest properties of the experi- 
mental alloys as regards resistivity at 20 degrees Cent. and yield 
strengths, tensile strengths, and hot hardness up to 800 degrees 
Cent. (1470 degrees Fahr.). 

5. All of the alloys, with the exception of the aluminum alloys, 
had good ductility (elongation in 1% inch) up to 1000 degrees Cent. 
(1830 degrees Fahr.). 

6. The experimental alloys (except 2.5 per cent titanium) 
showed growths of 0.001 to 0.009 inch per foot on heating 100 
hours at 1040 degrees Cent. (1905 degrees Fahr.) but retained 
their cold bending properties after heating at 1315 degrees Cent. 
(2400 degrees Fahr.) for short periods of time. 

7. The correlation between the hot hardness and elevated tem- 
perature tensile strength of the alloys was good with the exception 
of the 5 per cent titanium alloy. 
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DISCUSSION 


Written Discussion: By George F. 


Comstock, metallurgist, Titanium 
\lloy Mfg. Co., Niagara Falls, N. Y. 


The subject chosen for investigation by Messrs. Sanford and Harder is 
an interesting one, and the results obtained should be of value to those con- 


cerned with the nickel-chromium wire industry. Although the data in gen- 


eral are well presented by the tables and curves, the text of the paper in some 


instances seems open to criticism. One rather striking omission in a paper 


of this kind is the absence of chemical analyses of the alloys investigated. 
It also seems rather strange to designate alloy No. 12 as a 10 per cent colum- 
bium alloy, when the columbium added was not over 8.6 per cent, and 100 
per cent recovery is not indicated or claimed. 


Would it not be preferable to 
call this an 8.6 per cent alloy, and similarly to call the other alloys what they 
really are? 


The columbium alloys all received appreciable additions of iron, silicon, 
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etc., and it is unfortunate that the contents of these elements are not given 
for all the alloys. The silicon content in No. 12 for instance may have had 
an important effect on its properties. This alloy also apparently contained 
8 to 10 per cent less nickel than any of the others, which would seem worth 
noting. 

In the abstract and conclusions very little attention is given to ductility. 
and further comment from the authors would be appreciated as to whether 
this property of ductility at high temperature is not of considerable impor- 
tance in an electrical resistor. The aluminum alloys, which were superior 
in several respects, were very much lacking in ductility at 600 and 800 degrees 
Cent., while the titanium alloys showed better ductility than any of the others 
at those temperatures as well as at room temperature. The superior ductility 
of the titanium alloys would seem to constitute a noteworthy distinction be 
tween them and the others. 

Other favorable aspects of the titanium alloys which may be discovered 
from the data, although they are not brought out by the authors in the text 
or conclusions, are that they showed less growth at high temperature than 
the alloys containing aluminum, cobalt, or columbium, and in general bette: 
capacity for repeated bending than any of the other alloys except those with 
cobalt. According to Table VII the growth of the titanium alloys as a class 
compared favorably with that of plain nickel-chromium, and the authors’ state- 
ment to the contrary requires correction. The superior resistance to bending 
of the 5 per cent titanium alloy as compared with the alloys containing 5 
per cent aluminum or columbium is interesting in Table VIII, and is presum- 
ably a result of the superior ductility conferred by titanium. 

In view of the high strength and high temperature life of the aluminum 
alloys, and the superior ductility and growth resistance of the titanium alloys, 
an investigation of similar alloys containing both aluminum and _ titanium 
should be worth while. I hope the authors will extend this research in that 
way so that we may be favored with further interesting data on these alloys 

Written Discussion: By Erich Fetz, research metallurgist, Wilbur 
B. Driver Co., Newark, N. J. 

The investigators are to be congratulated for their excellent contribution 
to the meager knowledge to be found in the international literature on the 
80 per cent nickel-20 per cent chromium type of alloys. While there are some 
German and British publications on the subject, the Battelle investigation repre 
sents the only published American research work on the effect of chemical 
analysis on the physical properties of 80-20. This lack of publication, however, 
bears no relation to the actual amount of research work carried out in this coun 
try, which is tremendous. The production of high grade 80-20 has become the 
specialty of a few American producers who have disclosed some of their 
research activity in the patent literature. 

I have had the opportunity of perusing Sanford and Harder’s manuscript 
and I am greatly impressed by their bold approach to and noteworthy results 
of their investigation. The Battelle alloys are interesting insofar as _ the 
“substantial additions” of cobalt, titanium, columbium and aluminum exceed 
the maximum addition of any element deliberately added to commercial 80-20. 
As to the nature of their additions, we would have probably been very 
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skeptical if we were consulted about the possibility of melting in an open 
crucible and working 80-20 alloys containing say 5 per cent titanium or alu- 
minum or even 10 per cent columbium. That is the reason the investigators’ 
work deserves the commendation, ‘‘a bold attack.” 

Sanford and Harder are justified in emphasizing the favorable results 
obtained with their 2.5 per cent aluminum alloy. From a melter’s viewpoint, 
the addition of several per cent of aluminum presents a most unpleasant under- 
taking, but 2.5 per cent aluminum seems to be a reasonable limit. This alloy 
may deserve serious consideration in two regards, i.e., as a room temperature 
resistance material and as a high temperature resistor alloy. 

By diluting pure 80-20 with iron, the resistance increases from 615 ohms 
per c.m.f. to about 650 ohms per c.m.f. at the 60-15 composition and then 
drops again on adding more iron. Owing to their favorable working prop- 
erties, a certain amount of these nickel-chromium-iron alloys are used as cold 
resistor material and many attempts have been made to further increase the 
resistance of this nickel-base alloy. However, considerable difficulty is en- 
countered when raising the resistance beyond the 700 ohms per c.m.f. limit. 
Solid solution hardness and work hardening increase to a prohibitive extent 
around 750-800 ohms per c.m.f. It is surprising that the authors measured a 
resistance of 825 ohms per c.m.f. on the 2.5 per cent aluminum and, inciden- 
tally, on the 5 per cent aluminum alloy, too. The company with whom the 
writer is associated aimed at a 2.5 per cent aluminum alloy some years ago 
but the resistance was only 725 ohms per c.m.f. It is surprising that the hard- 

? 


) 
ness of 280 Brinell for the 5 


per cent aluminum Battelle alloy is the same as 
for the 5 per cent aluminum alloy, while our 2.5 per cent aluminum alloy was 
softer by over 100 Brinell. 

The strength tests at elevated temperatures are the backbone of the Bat- 
telle investigation. It is interesting that the strength at elevated temperatures 
is greater the higher the room temperature strength. I observed a similar 
effect in dynamic hardness tests on austenitic steels. The close interrelation 
between hardness and tensile strength seems to be significant from a practical 
point of view because it is much easier, cheaper and more efficient to perform 
hardness tests than tensile tests. 

| wonder whether the speaker has any explanation in respect to the loss 
of ductility around 600 degrees Cent.? It may be rather ungrateful to 
critically discuss the life test results. After all, it must be left to the discretion 
of any independent research worker to decide on the scope of his work and in 
this case it was the elevated temperature mechanical properties. However, 
since the bulk of commercial 80 per cent nickel-20 per cent chromium goes 
into the resistor wire application it cannot be denied that there is a particularly 
great interest in life at elevated temperatures. The investigators have modi- 
hed the Hoyt and Scheil test introduced for iron-chromium-aluminum, partly 
adopted features of the A.S.T.M. method used for nickel-chromium and partly 
introduced their own ideas. In order to make reliable comparisons with other 
data and to fully appraise the value of their findings, further details on the 
testing conditions should be given. The comparison with a commercial 80-20 
alloy represents a rather untrustworthy basis. I wonder what wire gage and 
test length has been applied; whether the test was carried out at constant 
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temperature or constant voltage; what kind of breaking-in or aging treat- 
ment has been applied. The tensile tests refer to material in three different 
wire gages. Does the same hold for the life tests? 

The investigators used a load of 35 pounds per square inch as specified 
by the A.S.T.M. tmethod for 0.025-inch wire, while in the Hoyt and Scheil 
test the wire of 0.125-inch diameter is even prevented from sagging by some 
counterweights. It is obvious that the testing results from both methods can- 
not be compared. This should be borne in mind when consulting Fig. 10 
which plots “useful life” of iron-chromium-aluminum and_nickel-chromium 
against testing temperature. The “useful life” has been determined in tw: 
entirely different fashions and the illustration only brings out the exponential 
nature of the life-temperature relation. 

The experimenters report nine life tests which bear out the difficulties 
in testing life at extreme temperatures. For instance, at 1175 degrees Cent 


the 2.5 per cent cobalt alloy yields a slightly longer life than the 2.5 per cent 
aluminum alloy. At 1260 degrees Cent. the cobalt alloy burnt out after 18 


hours, while the 2.5 per cent aluminum alloy was still going after 54 hours 
In my company, thousands of life tests have been carried out and it was found 
that there are very many factors affecting life and that there is no simple 
relationship between chemical analysis and life. 

By comparing the 2.5 per cent aluminum alloy with commercial 80-20 the 
conclusion is drawn that aluminum has a life-extending effect. This agrees 
qualitatively with results of investigations in my company. 

Our quantitative A.S.T.M. tests show that a maximum beneficial effect 
of aluminum is obtained in a %4 per cent aluminum alloy while above about | 
per cent aluminum the alloys show a shorter life to 10 per cent resistance 
increase but the total life to burn-out continues to increase. 

It was obvious that the 2 per cent aluminum alloy owed its short “useful 
life” to 10 per cent resistance increase to sagging. This reduced the cross 
sectional area and increased the resistance. By extrapolation one would 
expect the effect of growth or creep would become more pronounced at sa) 
2.5 or 5.0 per cent aluminum, but the investigators’ findings are in disagree- 
ment with this deduction, although they found in their creep tests the alu- 
minum alloys to be “unfavorable on the basis of growth.” In principle, both 
sattelle and Wilbur B. Driver Company have found the life-extending effect 
of aluminum and this finding contradicts earlier establishments by Smithells 
and co-workers who state that 0.5 per cent aluminum does not affect life and 
that 1 per cent reduces it. These contradicting statements may be due t 
differences in the life testing methods. The unfavorable, or at least indifferent. 
effect of titanium and columbium on the life of 80-20 is in agreement with 
findings in my company. 

The remarkably long life of the 2.5 per cent cobalt alloy, to which no 
life-extending additions except the deoxidizers have been given, represents 
a distinct surprise and requires corroboration. 

It has been pointed out by this writer that the aluminum-containing 
Battelle alloys deserve serious consideration from several points of view. The 
data reported however do not agree with former, less favorable results obtained 
by the Wilbur B. Driver Company. Sanford and Harder were kind enough 
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to release samples of their experimental alloys for supplementary testing of 
life according to the standard A.S.T.M. method, electrical resistance and 
chemical analysis. 

The as-received wires had different diameters. The aluminum, titanium 
and columbium-bearing alloys were 0.102 inch in diameter, the three cobalt-con- 
taining alloys were 0.091 inch thick and the commercial alloy 0.081 inch. The 
accelerated A.S.T.M. life test method specifies a wire diameter of 0.025 inch. 
The Battelle alloys were, therefore, drawn in standard Brown and Sharpe gages 
to this size in tungsten carbide and diamond dies. No difficulties were encoun- 
tered with the commercial cobalt, titanium, and 2.5 and 5 per cent columbium 
alloys. The alloy with highest columbium content broke twice on its way 
down. More difficulties were encountered with the aluminum-containing alloys 
which strain-harden rapidly and in view of their considerable initial strength 
require intermediate annealings. 

All 0.025-inch wires were strand annealed in hydrogen at 1750 degrees 
Fahr. at a speed of approximately 32 feet per minute. The annealed wires 
were tested for resistivity in 1l-foot lengths in a Wheatstone bridge. The 
electrical resistance values in Table I are somewhat lower than those deter- 
mined by Sanford and Harder. The maximum resistance of 807 ohms per 
c.m.f. was measured on one of the aluminum-bearing alloys. Chemical analysis 
showed 4.04 per cent aluminum in solid solution. The second aluminum-bearing 
alloy has a resistance of 782 ohms per c.m.f. and contains 3.82 per cent alu- 
minum per analysis. It thus could not be confirmed that an 80 per cent nickel- 
20 per cent chromium alloy in which 2.5 per cent nickel is replaced by 2.5 per 
cent aluminum has a resistivity of 820 ohms per c.m.f. This had been seriously 
doubted as brought out in the discussion, on the basis of previous experiments. 
However, two alloys of 77.5 per cent nickel, 20.0 per cent chromium, 2.5 per 
cent aluminum were melted in a high frequency induction furnace. It is impor- 
tant to stir in the aluminum vigorously as it tends to stay at the melt surface 


due to its low specific gravity. An incompletely mixed alloy shows considerable 
variations in electrical, resistance. Sections from a /s-inch U-finger were 
cold-rolled and drawn to 0.025-inch diameter wire. After annealing at 1750 


degrees Fahr. a resistance of 687 and 685 ohms per c.m.f. was measured on 
these alloys. A further melt of 75 per cent nickel, 20 per cent chromium, 5 
per cent aluminum yielded 807 ohms per c.m.f. on a section of a finger sample 
which was converted into 0.025-inch wire with considerable difficulties. The 
+ to 5 per cent aluminum-containing alloy is attractive from a resistance view- 
point; however, its manufacturing difficulties are a serious handicap. 

Our results do not agree completely with those of Battelle. 

The life tests were carried out in accordance with the A.S.T.M. Acceler- 
ated Life Test Method, details of which may be found elsewhere." The 0.025- 
inch wires were tested at 1950 and 2050 degrees Fahr. These tests are per- 
formed at constant voltage while Sanford and Harder applied a constant tem- 
perature. All of the experimental alloys were life tested, while Battelle had 
selected only a few alloys. 


‘Standard Accelerated Life Test for Metallic Materials for Electrical Heating. A.S.T.M 
lesignation B76-36, A.S.T.M. Book of Standards, Part I, 1936, p. 734. 
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The experimental results are presented in Table II (1950 degrees Fahr.) 
and Table III (2050 degrees Fahr.). The shortest life was obtained on the 
nickel-chromium alloys containing titanium which, incidentally, discolored in 
the strand annealing furnace. The conclusion appears justified that titanium 
which formed a poorly adhering oxide coating, drastically reduces life. The 


Table | 
Electrical Resistance 


Electrical Resistance 


Battelle on Determined by 
Nominal Alloy Chemical Analyses 0.102, 0.091 and W.B.D. Co. on 
Alloy Additions by W. B. Driver Co. 0.081in. Wire 0.025 in. Wire 


Per Cent Per Cent Ohms/c.m.f. Ohms /c.im.-f. 








l 2.5 Aluminum 3.82 Aluminum 820 782 
2 5.0 Aluminum 4.04 Aluminum 820 807 
4 2.5 Cobalt 625 607 
5 4.8 Cobalt 611 594 
6 9.1 Cobalt 611 590 
7 2.5 Titanium 1.93 Titanium 733 718 
8 4.8 Titanium 706 696 
10 2.5 Columbium 693 663 
11 4.7 Columbium 682 665 
12 8.6 Columbium 
1.2 Silicon 766 750 
13 Commercial 
80-20 1.85 Manganese 652 656 






same holds for the alloys containing up to 5 per cent columbium. A somewhat 
longer life was obtained in the alloy containing the maximum columbium addi 
tion of nominally 8.6 per cent columbium. Whether the relatively long life is 
attributable to the high columbium content is doubtful. 

This alloy contains not less than 1.20 per cent silicon. Silicon has been 
known for a long time to increase the oxidation resistance of metals and 
alloys, in general, and the life of nickel-chromium alloys in particular®*. It 
is possible that the 8.6 per cent columbium alloy owes its long life to the high 
silicon content. The introduction of 0.65 per cent titanium may complicate 
this case furthermore. 

Relatively good life was also obtained on the cobalt-bearing alloys. The 

5 per cent and 5 per cent cobalt-containing alloy yield about the same life 
The shorter life of the 10 per cent cobalt alloy is surprising. 

The greatest amount of interest is naturally attracted by the aluminum 
bearing alloys for which, in the special life test devised by the authors, 
“increased life was noted over the commercial 80 nickel-20 chromium.” Ac- 
cording to Tables II and III, the life extending action of aluminum is appar- 
ent. However, the “useful life” specified by the A.S.T.M. method as the life 
to 10 per cent resistance increase is comparatively short and is notably shorter 
than that of the commercial alloy used for comparison. The aluminum-bearing 





2C. T. Smithells, S. V. Williams and E. T. Grimwood, “Melting Nickel-Chromium 
Alloys in Hydrogen.”” Journal, Institute of Metals, Vol. 46, 1931, p. 443-455 

*W. Hessenbruch and W. Rohn, “Hochwertige Chrom-Nickel-Legierungen und deren 
Lebensdauerpriifung,’”’ “‘Heraeus Vacuum-Schmelze 1923-1933," Verlag G. M. Albertis, 
Hanau, p. 247-289. 
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samples are subject to considerable creep and warping. The wire temperature 
falls off markedly at an early stage of the test resulting in a long life to 
burnout. The above described properties of the aluminum-containing 80-20 
are not considered as assets in the light of the A.S.T.M. testing method, which 
method simulates the application of nickel-chromium in electrical appliances. 
The A.S.T.M. life tests are discontinued after the test wire has increased 10 
per cent in resistance. 


Table If 
Life at 1950° Fahr. According to A.S.T.M. Method 


Useful Life 
(10% Resist- 


Alloy Electrical Input After Resistance ance Increase Life 
Alloy Feature 24 Hrs. Aging Period Increase at or Less) to Burnout 
No. Per Cent Amps. Watts Surnout, % in Hrs. in Hours 
] 2.5 Aluminum 10.75 153 26.5 106 720** 
2 4.8 Aluminum 10.65 146 20.2 152 i" 
4 2.5 Cobalt 11.40 152 8.8 9] 91 
. 5.0 Cobalt 11.40 148 1.8 96 96 
6 19.0 Cobalt 11.50 150 14.5 39 67 
7 2.5 Titanium 10.05 147 13.3 ? 6 
g 5.0 Titanium 10.55 141 28 16.5 16.5 
10 2.5 Columbium 11.20 154 0.2 43 43 
1] 5.0 Columbium 11.10 163 6.0 27.5 27.5 
12 10.0 Columbium 19.30 151 ‘3.7 110 187 
13 Commercial 11.30 159 9.5 199* 199 
80-20 
*Mean value of 3 tests. 
**Removed after 720 hrs. at 26.5% resistance increase. Wire temperature had dropped 
from 1950° Fahr. to 1706° Fahr. 
***Removed after 720 hrs. at 20.2% resistance increase. Wire temperature had dropped 


from 1950° Fahr. to 1706° Fahr. 


The aluminum-containing samples showed a behavior previously observed 
on similar alloys and characterized in the foregoing discussion. It appears that 
the difference in the life testing conditions are responsible for the discrepancy in 
the testing results obtained by Sanford and Harder and by the A.S.T.M. 
method. The increased resistance toward oxidation due to addition of sub- 
stantial amounts of aluminum to 80 per cent nickel-20 per cent chromium is 
brought out by both life testing methods. 

It should not be overlooked that Battelle tested the commercial alloy as 
0.08l-inch diameter wire, while the aluminum-containing alloys had a diameter 
of 0.102 inch. 

The commercial alloy used for comparison shows an unusually short life. 
It apparently corresponds to the state of the art of several years ago. The 
remarkable advances since that time are described at length elsewhere.* * 

A few chemical analyses were made, the results of which are presented 
in the third column of Table I. It is generally known that certain elements 
such as titanium, aluminum, calcium, etc., are subject to considerable losses 
in melting which point is brought out by the few check analyses made. The 


‘F. E. Bash, “Estimating Life of Electrical Heating Elements,’”’ Mertat Procress, 
Vol. 33, No. 2, p. 143-147, 
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calcium content of the experimental Battelle alloys varies between 0 per cent 
and 0.038 per cent so that the alloys are not strictly comparable as to the 
effect of aluminum, titanium, columbium and cobalt on the life. 

The life testing of resistor wires is considered to be one of the most com- 
plex metallurgical problems. The chemical composition is only one of the 


many factors determining the longevity of nickel-chromium alloys.’ This 








Table Ill 
Life at 2050° Fahr. According to A.S.T.M. Method 
















Useful 
Life (10% 
Electrical Input After Resistance Resistance 
Increase Life 
Alloy Feature 24 Hrs. Aging Period Increase at or Less) to Burt 
Alloy Per Cent Amps. Watts Burnout, % in Hrs. out Hours 
















l 2.5 Aluminum 11.40 173 22.9 40 120** 
2 5.0 Aluminum 11.30 167 35.0 97 624*** 
4 2.5 Cobalt 12.45 178 3.4 +0 40 

5 5.0 Cobalt 12.50 184 2.0 35 35 
6 10.0 Cobalt 12.15 162 16.0 19 33 

7 2.5 Titanium 10.30 153 8.3 7.25 7.2 
& 5.0 Titanium 10.70 164 over 10% 4.25 7 
10 2.5 Columbium 11.20 166 4.7 4.5 4.5 
11 5.0 Columbium 10.60 158 10.0 19 19 
12 10.0 Columbium 10.45 162 8.4 52 52 
13 Commercial 12.05 174.5 5.9 154* 154 


80-20 














*Mean value of 2 tests. 
**Removed after 120 hrs. at 22.9% resistance increase. Wire temperature had dropp« 
from 2050° Fahr. to 1864° Fahr. 
***Removed after 624 hrs. at 35% resistance increase, Wire temperature had dropped 











from 2050° Fahr. to 1775° Fahr. 











renders it difficult to draw conclusions regarding the effect of individual ek 





ments on the life of 80 per cent nickel-20 per cent chromium if all the other 
factors are not equal. Furthermore, the effect of individual elements on th 
life of 80-20 may be obliterated to a far-going extent in the presence of other 
elements. 

V. N. Krivopox:’ As is customary in our society the authors of this ver) 
interesting paper have signified that they welcome discussion. . In studying 
the paper prior to the meeting and also listening to the discussion of the sam 
by Mr. Fetz one very worthwhile fact was brought to our attention. I hav 
in mind the observation that during high temperature tests certain metals show 
within a certain temperature range, a drop in ductility as measured by elonga 
tion. In the course of a recent investigation I have myself observed similar 







phenomena and tried to uncover the underlying reasons. I am taking the 
liberty to describe these observations. 

May I state first of all that the compilation of available data on th 
mechanical properties of steels and alloys at high temperatures are often 






found to be in discrepancy. 





It is especially noticeable in the given values for 











5Professor of metallurgy, Carnegie Institute of Technology, Pittsburgh, and associat: 
director of research, Allegheny Ludlum Steel Corp., Brackenridge, Pa. 
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longation and reduction of area, although the tensile strength may also vary. 
Che first thought that may come to one’s mind is that such discrepancies are 
caused by the conditions of experimental procedure. This explanation will, 
iowever, have to be abandoned for the following reasons. Working not so long 
ago on the high temperature properties (as measured by the so-called short 
time tests) of some of the alloys, I was indeed surprised to find quite large 
variation which may be obtained in, shall we say, elongation values, obtainable 
in alloys of similar composition and under absolutely identical conditions of 
testing. A careful examination of broken pieces revealed wide differences 
in the type of fracture and it was only to be expected that the values for 
elongation were quite different. In certain cases the fracture was very much 
like that of an end of a sharpened pencil; gradual smooth reduction ending 
almost in a point. In other cases the fracture showed only little cross sec- 
tional reduction and emanating from the broken end were noted a number 
of relatively fine cracks extending tor quite some distance from the fractured 
end. Microscopic examination of the material immediately gave clue to this 
observation, namely that the type of fracture was dependent upon the grain 
size of an alloy, in this case as it happened, of the austenitic type. The first 
described fracture, namely smooth pointed one, is invariably found in the 
alloy of fine grain size. It should be added that the composition of the alloy 
apparently exercises some influence, that is the described phenomenon may be 
more pronounced in one alloy than in the other. Pursuing this investigation 
in accordance with more carefully considered plan I find that the values for 
elongation and for the reduction of area may be changed within wide limits by 
the mere alteration in the grain size; similarly, we may change the type of 
fracture—as you would expect. On the other hand the tensile strength seems 
to be but little affected by the grain size; for example, while values for elonga- 
tion could be halved, by mere increase in grain size, the tensile strength is 


decreased only something like 3 to 5 per cent. 


Authors’ Reply 


The authors wish to thank those who discussed this paper for their very 
helpful contribution. 

In reply to Mr. Comstock, we agree with him that chemical analysis of 
the materials investigated, and data on the recoveries of the alloys added, 
would have been very desirable. 

Ductility at elevated temperatures, if concomitant with good elevated tem- 
perature tensile strengths, is a desirable property of electrical resistor mate- 
rials. With such a combination of properties, longer spans of unsupported. 
resistors may be used, and the material should be capable of withstanding 
more abuse in service without breakage occurring. 

While the growth tests which were made were inadequate for a complete 
appraisal of the growth characteristics of the materials, the results did indicate 
that the titanium alloys, as a class, were less subject to growth than the 
aluminum, cobalt or columbium alloys, and compared favorably with the 80 
nickel-20 chromium alloy. However, the 2.5 per cent aluminum, cobalt, and 
columbium alloys showed growths of the same order as the titanium alloys 
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and it was only the higher aluminum, cobalt and columbium alloys which 
showed the increased growths. As suggested by Mr. Comstock, it would be 
interesting to know the combined effects of aluminum and titanium. 

Mr. Fetz’s comments on the work which has been done along similar lines 
by his company are particularly appreciated. We cannot make comparison 
with his data since we did not test alloys containing less than a nominal 2.5 

























per cent addition of aluminum. It is gratifying to note that the results of 
Mr. Fetz’s company regarding the life of 80-20 alloys with aluminum, titanium 
and columbium are, at least qualitatively, in agreement with ours. 

As to why the aluminum alloys lose so much of their ductility in the range 
trom 600 to 800 degrees Cent., we can give no answer. Dr. Krivobok’s com 
ments regarding the loss of elongation at certain temperatures for heat resist- 
ing alloys and some of the possible causes are interesting and may contain th 
answer to the low ductility of the aluminum alloys at 600 to 800 degrees 
Cent. Our tests showed a difference in the type of fracture in the range of 
600 to 800 degrees Cent. but no coarsening of the grain was noted. 

Our life tests were made at constant temperature using photoelectric cell 
control and 12-inch specimens. The specimen diameters were the same as 
in the tensile tests. 

We wish to thank Mr. Fetz and his company fer the standard A.S.T.M. 
life tests, the electrical resistivity measurements, and the chemical analyses 
which they made on our alloys. 

When the alloys were sent to Mr. Fetz it was stated that it was not 
known whether the aluminum alloys were trom the same heat or not, because 
of a mix-up of these materials after the completion of our tests. His analyses 
of 3.82 and 4.04 per cent aluminum indicate that both samples were from the 
heat with the 4.8 per cent nominal addition of aluminum and his results should 
be viewed on that basis. 

The small discrepancies between his resistivity measurements and ours 
can probably be accounted for by the fact that he annealed the specimens in 
hydrogen, whereas we annealed them in air with a resultant thin oxide film 
which would increase the resistance slightly. His resistance values check 
more closely with those tabulated below, which we made on the alloys befor: 
annealing in air at 1000 degrees Cent. 









Alloy Ohms/c.m.f. Ohms/c.m.f 












2.5 Al 792 y hy 723 
5.0 Al 805 5.0 Ti 705 
2.5 Co 602 2.5 Cb 667 
5.0 Co 590 5.0 Cb 674 
10.0 Co 592 10.0 Cb 760 
















resistance values of 


on the 77.5 nickel, 20 chromium, 2.5 aluminum heat which he made up, 


In connection with his 685 and 687 ohms per c.m.t 


would be of interest to know the actual aluminum content by analysis, as ou! 





results on the 2.5 per cent aluminum alloy (2.33 per cent aluminum b 






analysis) were of the same order as for the 5 per cent aluminum alloy. 

The results of Mr. Fetz’s life tests by the standard A.S.T.M. method ar: 
of particular interest in that the results are in good general agreement wit! 
ours as to the life-extending properties of aluminum additions to 80-20, eve! 
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though the life test methods used were considerably different and at different 
temperatures. 

A.S.T.M. standard B76-36 does not seem to specify that the life to 10 
per cent resistance increase shall be considered as the “useful life,” nor that 
the test shall be discontinued after the test wire has increased 10 per cent in 
resistance. On the, contrary, the standard specifically calls for testing to 
burnout by supplying a place for the burnout life in hours in the record 
form specified. The appendix to the standard states that the life to 10 per 
cent resistance increase has been considered as the “useful life” in some 
instances, but that in other cases the “useful life’ extends to burnout, depend- 
ing on the application of the resistor. 

Mr. Fetz states that the commercial 80-20 used for comparison “corre- 
sponds to the state of the art of several years ago.” This material was pur- 
chased in 1937 at the time this work was being done and _ presumably 
corresponds to the state of the art at that time. It is to be regretted that 
Mr. Fetz did not include in his discussion life test values of current 80-20 
production for comparison. 

Bash (Metat Procress, Vol. 33, No. 2, p. 143) shows a total A.S.T.M. 
life to burnout of about 400 hours at 2050 degrees Fahr. for what is pre- 
sumably the best 80-20 production at that time (1938) but does not indicate 
the life to 10 per cent increase in resistance nor the temperature of the test 
wires just before burnout. The 5 per cent aluminum alloy had not burned 
out when removed after 624 hours-at 2050 degrees Fahr. in Mr. Fetz’s tests. 
For some applications this represents a definite improvement over an alloy 
which burns out in 400 hours. 

The major criticism of the A.S.T.M. standard life test is brought out 
very well in the footnotes to Mr. Fetz’s Tables II and III, where the wire 
temperatures at the completion of the tests had dropped from 186 to 275 
degrees Fahr. below the initial test temperatures of 1950 and 2050 degrees 
Fahr. A constant temperature life test such as we used is much more drastic 
than the A.S.T.M. life test at constant voltage, in which the wire temperature 
drops continuously as the wire resistance increases after the first 24 hours. 

It is believed that Mr. Fetz overestimates the difficulties of processing the 
aluminum-bearing 80-20 alloys. While the aluminum alloys did require more 
careful handling during forging, rolling and swaging, nc really serious dif- 
heulties were encountered. 


























GRAPHITIZING RATE AND NODULE NUMBER 





By H. A. SCHWARTZ AND MartTIN K. BARNET? 


Abstract 


The authors have investigated the question whether 
graphitizing rate is proportional to nodule number. Only 
a qualitative confirmation was obtained. In general graph- 
itizing rate increases as a fractional power of nodule num- 
ber except under conditions so controlled that only mod- 
erate variations in nodule number are possible. 


INTRODUCTION 





HE mechanism of the graphitizing reaction is now sufficiently 
understood (1), (2), (3)* so that there is general agreement 
that nodule number is an important factor in determining graphitiz- 
ing rate. Methods for computing nodule number per unit volume 
without assuming uniformity of size are also available (4), (5). 

It is also well known that the nodule number is not solely or 
primarily a function of chemical composition, but depends also upon 
the melting method and material and upon heat treatment as has been 
in part described in the literature (6), (7), (8), (9), (10), (11). 

At first glance it would seem from symmetry considerations 
that the amount of graphite formed per unit time should be propor 
tional to the number of nodules per unit volume. This simple con 
clusion is not however altogether acceptable on a priori grounds with- 
out verification. Fick’s law is known not to be perfectly reliable in 
the study of other diffusion phenomena in that the rate of diffusion 
is not independent of concentration (12). Furthermore, there maj 
be disturbances due to the fact that a temper carbon nodule is not a 
solid mass of carbon but a sponge. Carbon migration from graphit: 








particles of small radius of curvature to those of larger radius may 
cause interference. Nor is it perfectly certain that all nodules ar 
capable of growth. If there be a change of atom arrangement as 
between boydenite and austenite, this would introduce additional 
complications. 





‘The figures appearing in parentheses refer to the bibliography appended w this pape 





A paper presented before the Twentieth Annual Convention of the Society) 
held in Detroit, October 17 to 21, 1938. Of the authors, Dr. H. A. Schwartz 
is manager of research and Martin K. Barnett is research chemist, National 
Malleable and Steel Castings Co., Cleveland. Manuscript received March 29, 
1938. 






S/' 





witl 


Opp 


nod 


pr 










ntly 
nent 
itiz- 
ume 


Y or 
pon 
been 
). 
ions 
por 
CON 
rith- 
e in 


sion 


hit: 
may 
are 
t as 


onal 


aper 


ciet\ 
rartz 
ional 
1 29, 





GRAPHITIZING RATE AND NODULE NUMBER 571 





Some attempt at a quantitative correlation of graphitizing rate 
with nodule number therefore seems justified. It is not considered 
opportune to enter here upon the question of possible control of 
nodule size. 


IX PERIMENTAL PROCEDURE 


In connection with certain other investigations there was occasion 
in this laboratory to follow the time-graphite curves at 900 degrees 
Cent. (1650 degrees Fahr.) of nineteen white irons of very similar 
compositions which were known to produce different densities of 
nodule population. For the general methods of experimentation and 
for confirmation of the similarity of most such curves, consultation 
of reference (1) is suggested to avoid lengthy repetition of old mate- 
rial. The nodule number was determined (5) on material in a nearly 
completely graphitized condition. It is a first approximation to say 
that graphite forms by an increase in size rather than number of 
nodules (8). Quite possibly some correction of this concept is re- 
quired, but so little data have yet been accumulated regarding nodule 
number that more elaborate treatment cannot yet be attempted. 

The average carbon content of the nineteen lots of white iron 
was 2.58, the average silicon 0.93 and none contained unusual alloys. 
The choice of this composition was dictated by considerations 
pertinent to the major investigation, but it is convenient for the 
present purpose. All the metal was made in commercial melting 
furnaces and the composition in no case varied by more than 0.03 
per cent from the above mentioned average. 

lor purposes of comparison the metal falls naturally into three 
subdivisions. The first consists of fourteen heats which can be sub- 
divided according to origin into two groups of seven heats each. 
‘ach of the two groups is fairly similar within itself with regard to 
nodule number and graphitizability but the two differ considerably 
with regard to these properties. The second subdivision consists of 
three heats of widely different origin but of rather similar properties. 
Varying nodule numbers are imposed on these in the laboratory by 
changes of heating rate. The third subdivision consists of a metal 
graphitized before and after prequenching. 


EXPERIMENTAL DATA 


The time-graphite curves at 900 degrees Cent. (1650 degrees 
Fahr.) of the nineteen materials are shown graphically in Figs. 1, 2 
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and 3. The time scale is logarithmic for a reason which will appear 
presently. In further elaboration of Fig. 1 the nodule number of 
the fourteen heats is shown separately in Table I. 













Table | 











Nodules per mm.* 





Heat Nodule No. Heat Nodule No. 
l 113 8 73 
2 739 y 78 
3 180 10 103 
4 159 11 107 
5 194 12 85 
6 819 13 133 
7 282 14 52 



































Average 355 Average 91 


EVALUATION OF RESULTS 





It is not to be expected in work of this character that perfectly 
concordant and reproducible results should be obtained. Micrometric 
measurements such as underly the nodule count have decided limita- 
tions of precision and the mathematical postulates underlying the 
solution of the geometric problems are only first approximations. 
Although the determination of graphite as a chemical problem is 
fairly satisfactory, it is still difficult to get altogether satisfactory 
checks on the amount of graphite formed in a given time. Quite 
possibly this is due to unknown or uncontrolled variables in even 
careful graphitization experiments. 

Under these circumstances it is desirable to base conclusions, 
not on a detached study of single experiments, but on comparisons 
of fairly large groups of observations. With this end in view it 
seems well to make a comparison between the entire course of the 
graphite-time curve representing heats 1 to 7 with that of heats 8 to 
14 inclusive in Fig. 1 and between the several average graphite-time 
curves for heats 15 to 17 inclusive of Fig. 2, leaving the two rather 
extended investigations of metals 18-19 of Fig. 3 for a third com- 
parison. 

This raises the question of determining the locus for the several 
arrays of points involved. A curve was drawn for each group, by 
inspection, considering that this line should pass, if possible, through 
the mean value of graphite for each graphitizing time but considering 






% Graphite 
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ae also that the curves should be similar, that is, that on the chosen 
os logarithmic time scale the curves should be alike in form and displaced 
from one another parallel to the time scale. The amount of this dis- 
placement is then the logarithm of the ratio of the times to secure a 


Average nodule | number 
91 per mms 
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| 1S Fig. 1—-Time-Graphite Curves at 900 Degrees Cent. (1650 Degrees Fahr.). 
ory 
ite given degree of graphitization (amount of graphite since the total 
vel carbons are substantially identical) or of the reciprocal of the 
graphitizing rate. The calculation of the ratio of nodule numbers is 

ms, merely a matter of division. We thus obtain the data of Table IT. 
ONS 

m Table 1! 
the . — — — —__________— 
| Fig. Ratio Nodule No. Ratio Graphitizing Rate 
. TO 355 + 91 = 3.9 1.4 

; 2 361 : G2 = 5.6 4.0 
Ine 546 + 361 1.5 1.3 
| _ 361 —- 125 = 2,9 2.28 
ie! 361 -- 246 = 1.4 1.4 
m- 3 270000 = 630 420 12.0 
ral DiscussION OF RESULTS 
by 
igh Consider the data of Fig. 2 in which the comparison is between 


identical alloys, in which the nodule number is imposed without any 
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alteration in the metal. 





The ratios of “Ratio of Nodule Numbers” 











5.6 1.5 2.9 
to “Ratio of Graphitizing Rates” are — = 1.4, — = 1.2, — = 1.3 
4.0 1.3 2.2 
1.4 
and — = 1.0, an average of 1.2. Although graphitizing rate does 
1.4 


not increase quite as rapidly as nodule number, one might regard this 
value as confirmation of an at least approximate proportionality of 
nodule number and graphitizing rate. 
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Fig. 2—Time-Graphite Curves at 900 Degrees Cent. (1650 Degrees Fah 





If, however, the nodule number in a given metal is enormously 
increased by drastic prequenching, as in Fig. 3, the acceleration of 
graphitization is very much less than proportional to the change in 
nodule number, in fact only one-thirty-fifth the expected amount. 
The observations are those which would be expected if migratory 
rate instead of being proportional to the carbon concentration gradient 
grew less rapid (in proportion to the gradient’s steepness) as the 
steepness of the gradient is greatly increased. 

3y measuring the distance parallel to the time axis between the 
points of Fig. 1 from their trend lines and averaging these distances 
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for all the points* representing a given heat one can determine the 
relative graphitizing rate of each heat in a group, the rate for the 
croup average being taken as unity. 


| 
as}—————_+ 
269 000 


nodules 
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Fig. 3—-Time-Graphite Curves at 900 Degrees Cent. (1650 Degrees Fahr.). 


The ratio of the nodule number to the average nodule number 
of the group is readily found from Table I. In Fig. 4 the relative 
graphitizing rate is plotted against relative nodule number. The array 
of points is but poorly represented by a straight line through the 
origin representing proportionality of graphitizing rate and nodule 
number, but is much better represented by a curved trend line cor- 
responding to a relationship such as was deduced from Figs. 2 and 3, 
namely that graphitizing rate increases less rapidly than nodule num- 
ber and that the effect of an increase in nodule number becomes less 
and less as the number increases. 

The curve shown in Fig. 4 represents the relationship that the 
graphitizing rate is proportional to the square root of the nodule 
number. The data of Fig. 3 correspond to the 2.4 power instead of 
the square. The corresponding powers deduced from Fig. 2 in the 
order in which the ratios appear in Table II are 1.2, 1.6, 1.4 and 1.0. 


*In view of the shape of the trend line it is well to omit as uncertain measurements 
based on the observations of graphite content after an exposure of one hour. 
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That deduced from the two groups of Fig. 2 is about 4. Since we 
know from Fig. 4 however, that each of the two groups within itsel{ 
corresponds approximately to a quadratic relation of nodule number 
and graphitizing rate, a better explanation is to say that in the score 


of nodule number alone the graphitizing rates should have been as mi 
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1 
4:2 and that the fact that the graphitizing rates are only as 1.4:1 . 
instead of as 2.1 is due to a different migratory rate characteristic of 
the two groups of alloys. l. 
CONCLUSIONS 
Generalized conclusions based on a limited amount of informa- 
tion in a largely unexplored field would obviously be indiscreet. As 
first approximation only we hazard as suggestions: ‘ 


(1) In general graphitizing rate increases less rapidly than 
nodule number. 






(2) For exactly identical metal and a limited range of nodule 
number (say from 100 to 500 per mm*) almost strict proportionality 
may exist. 
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> we (3) For less similar conditions the graphitizing rate is propor- 
tself tional to a fractional power of nodule number which may be as low 
nber as 0.4. 

core (4) Even iron of apparently identical analysis may vary in 
n as migratory rate of carbon in a ratio as high as 2:1. 


(5) Qualitatively increased nodule number is accompanied by 
increased graphitizing rate under otherwise similar conditions. 
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‘ma- DISCUSSION 
As 
E. C. Jeerers:* Why is there such a great rearrangement in the nodule 
h number of the sample selected? For example, four different groups are 
than averaged but in each group there is a wide rearrangement between one and the 
other. 
dule Cyrir Wetts:’ Dr. Schwartz and Mr. Barnett have shown that in their 
ulity 'Chemical and Metallurgical Dept., Ford Motor Co., Detroit. 
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alloys an increased nodule number is accompanied by an increased rate 
graphitization under similar conditions of heat treatment, and in this respect 
their results confirm those of Wells* who used high purity iron-carbon alloys 
in his graphitization studies. 

With respect to the conclusion that within a limited range of nodule number 
there is a strict proportionality between nodule number and rate of graphitiz 
tion, the present discusser believes that the extent of this limited range depends 
to some degree on the silicon content of the alloy used. In pure iron-carbon 
alloys strict proportionality between graphitization rate and—nodule number 
may extend over a considerable range of nodule number. Silicon heterogeneously 
distributed may also be partly responsible for the authors’ observation that 
graphitization rate increases more rapidly than nodule number and for the 
different behavior of iron of apparently identical analysis. 

I should like to ask Dr. Schwartz one question. Why does he think that 
if one doubles the number of nodules one should double the rate of graphitiza 
tion, unless, of course, he assumes that in both cases the nodules are so far 
apart as not to influence each other? 


Authors’ Reply 


We do not know that we can make any intelligent answer to Mr. Jeeter’s 
question which we take to be “Why are things which are apparently alike 
still somewhat different in nodule number?” There is a value of 800 and one 
of 700. They are somewhat exceptional and in the other case they range from 
a minimum of 73 to a maximum of 133. We have not the slightest idea why 
that happens unless one goes backward and reasons about all of the things 
which affect nodule number. We think we are quite safe in the conclusion 
that the nuclei for these nodules always appear first on the austenite interfaces 
and therefore any vagary in freezing possibly say due to pouring temperatures 
which alters the fineness of structure of the freezing pattern is one of many 
such variables. 

We happen to know that aside from this particular performance, for 
instance, in iron made in a Detroit furnace under rather closely controlled con 
ditions, the amount of oxygen in the atmosphere alters the nodule numbers 
The nuclei all form on this interface in various numbers per unit of area at 
one time and another. We know not why but we suppose these variations that 
are here tabulated represent the integration of that multitude of variables. It is 
not altogether uninteresting perhaps to comment here that within these groups 
the graphitizing rate also bears some general connection to the nodule number; 
e.g., it is not only the group with 355 nodules per cubic millimeter which differs 
from the group with 91 but also within each of those groups the graphitizing 
rate is great or small though not quite so well in agreement because obviously 
we have not the average of so many results but the general qualitative relation 
still remains. 

As to Dr. Wells’ inquiry as to why should two nodules grow twice as 
fast as one, as far as graphite formation is concerned, we think our concept 





Cyril Wells, ‘“‘Graphitization in High Purity Iron-Carbon Alloys.”” Transactions 
American Society for Metals, Vol. 26, 1938, p. 289. 
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about that is approximately this. We apologize for repeating material which 

been published and is probably more familiar to one who works with it 
every day than to those who only read it and have no great further occasion 
to remember it. We must make some sort of simplifying assumption. If we 
permit an indefinite amount of variation in distribution in what Dr. Wells 
perhaps calls heterogeneous distribution, the space of these nodules in the 
same material affects the result. The more of that you permit the less does 
this initial assumption apply. We will visualize nuclei as being on the corners 
of cubes in the material. In one case suppose they are on the corners of cubes 
one unit long and in the other case on the corners of cubes ten units long. 
Of course they are not nearly so different in most cases. They begin to grow 
ind while they are growing at high temperature they consist of a spheroidal 
mass of carbon surrounded by austenite, the whole imbedded in an austenite- 
cementite nuclei. They have a carbon gradient from the cementite saturated 
solid solution on the outside of the shell to the graphite saturated solution on 
the inside of the shell. Be the size great or small, until these shells become 
tangent to one another so that there are areas where the whole outer surface 
of the shell is not filled up with cementite, the geometry of the problem remains 
exactly the same and we think the rate of the growth should be the same. As 
soon as these shells interfere then there is not the “rain” of carbon atoms from 
all around this sphere but only from the remaining areas of the sphere and 
the time-graphite curve does show about half graphite formed which is the 
relation of the volume of the sphere to the volume of the cube. 

Now our picture of that is as reliable as the picture represents the ordinary 
condition. We think nobody maintains that the nodules are exactly so located 
and, of course, if some of them are close together those things would interfere 
ind distort the curve before much graphite has come out, but also if they are 
close together that happens when the amount of the graphite affected thereby 
s small and the curve is not greatly distorted. 

We think maybe the. best evidence that that concept is somewhere near right 
is pragmatic in that the empirical curves do correspond to what they ought to 

the original postulate. That is the only direct evidence we know about it. 
We first made the curves several years ago. We made many assumptions as 
to the possible explanation, assuming things that we thought might be plausible 
and the above described picture is the plausible thing that fits the quantitative 
lacts. You do not get smooth curves as the astronomer might get. You get 

irves with a considerable scatter because if you do your experiment twice 
over you do not literally come out with precisely the same value which is 
ne reason why the principles of graphitization are hard to study just as 
biological subjects are. You cannot hit the thing exactly on the head. You 
make many observations and are content with smoothings out. The thing we 
oubt most about this parabola-shaped curve is whether the bend in that 
irve is very largely influenced by the weight you give of the very fine-grained 
aterial. If you would use a little section of this curve you could represent it 

a straight line very nicely. The quadratic curve is the best we could do 
to fit the entire range of result. We would not swear on a stack of bibles that 
ie thing is all statistically one universe and that we do not have two curves 

iperimposed, one representing one set of the figures and the other another. We 
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might find some other system could be worked out that would fit better. 
difficulty with that is we have not a sufficient multitude of data for one univ 
which is extremely fine-grained and another universe which is more coa 


grained and the only reason we do not have that is because we have not 
indefinite amount of time, an indefinite number of observers, and an infinite 
amount of patience. 








STUDY OF CARBIDE SOLUTION IN HYPOEUTECTOID 
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fi te 


By R. H. LAUDERDALE AND Oscar E. HARDER 


Abstract 


Data of a fundamental nature have been obtained 
regarding the rate of carbide solution and formation of 
austenite at temperatures above the Ac, in ia carbon 
and low alloy hypoeutectoid steels. 

Production of coarsely spheroidized carbide struc- 
tures, followed by solution treatments in a lead bath of 
these structures at various temperatures and time intervals 
then followed by quenching, made it possible to follow the 
progress of the carbide solution by microscopic examina- 
tion and hardness determinations of the quenched speci- 
mens. 

It has been postulated that the solution of carbides, 
especially those of low alloy steels, progresses rather 
slowly at temperatures of normal hardening and grain 
size determinations and that these undissolved carbides 
may act to inhabut austenite grain growth. However, the 
authors have obtained evidence that in low and medium 
carbon pascr utectoid steels the carbides go into solution 
so rapidly at normal heat treating temperatures that the 
carbides could not possibly be tmportant in the usual grain 
coarsening experiments. In the higher carbon steels (0.77 
and 0.78 per cent carbon) tested, the time for complete 
carbide solution was much longer and only less definite 
conclusions could be drawn regarding the effect of undis- 
solved carbides on grain growth. Maximum hardness 
values in quenched specimens tended to confirm mucro- 
scopic evidence that solution of the carbides occurred 

within 10 to 30 seconds at 1600 degrees Fahr. in steels 
containing 0.40 per cent carbon. or less. 


S part of a general study on grain growth characteristics of com- 
mercial steels, the present investigation was carried on with the 
objective of determining the rate of solution and the time necessary 
ior the complete solution of carbides in hypoeutectoid steels at tem- 
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peratures within and above their critical ranges. The effect of time 
at various temperatures on the hardness developed in quenched speci- 
mens was also determined. The primary objective was to learn 
whether carbides in hypoeutectoid steels actually remain undissolved 
long enough to be effective in inhibiting austenite grain growth. 

One of the general theories relating to the austenite grain growth 
mechanism, expressed by a number of metallurgists, including Mc- 
Quaid (1),* Kenyon and Tobin (2), Herty (3), and Bain (4), is 
that austenite grain growth may be inhibited by finely dispersed 
nonmetallic particles such as carbides, nitrides, and refractory oxides. 
McQuaid (1) postulates that carbides dissolve very slowly at tem- 
peratures even above the upper critical temperatures and thereby act 
as grain growth inhibitors. It has been further suggested by Kenyon 
and Tobin (2) that spheroidized carbides produced by long sub- 
critical holding treatments in hypoeutectoid steels (0.40 per cent 
carbon) do not go into solution in as long a holding time as one 
hour at temperatures as high as 1650 to 1750 degrees Fahr. and 
therefore may act to inhibit austenite grain growth. 

The authors questioned that carbides dissolve slowly in hypo- 
eutectoid steels at temperatures above the Ac,, especially above the 
upper critical temperature, and likewise questioned whether this 
could have much to do with the austenite grain growth inhibition. 
Under these circumstances it was highly important in a study of 
grain growth characteristics to know to what extent carbides could 
function to inhibit the austenite grain growth at various temperatures 
and especially above the upper critical temperature which would 
represent commercial heat treating practice. The present investiga- 
tion was therefore directed to getting definite information on the 
rate of carbide solution and the time required for complete disap- 
pearance of the carbides in several hypoeutectoid steels over a con- 
siderable range of temperature. Four of the steels contained small 
amounts of molybdenum or vanadium and made it possible to obtain 
some information on the effect of these elements on carbide solubility. 

Some of the steels studied were the same as those previously 
investigated by Dorn and Harder (5) in their study of the relation 
of pretreatment of steel to austenite grain growth. Much longer 
subcritical holding treatments than were used by Dorn and Harder 
were given the steels in this investigation in order to coarsen the 
carbides and to make the conditions for carbide solution at least as 


1The figures appearing in parentheses refer to the bibliography appended to this paper. 
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unfavorable as would be encountered in commercial practice. It was 
considered highly important to determine the effectiveness of carbide 
particles in inhibiting austenite grain growth in comparison with a 
grain growth inhibitor “X” such as had been postulated by Dorn and 
Harder (5). 

In this investigation the solution of the carbides was followed 
by microscopic examination of specimens quenched from various 
temperatures after various time intervals and supplemented by Rock- 
well “C” hardness determinations on quenched specimens. 

The type of structure representing the most difficult case of car- 
bide solution, i.e., very coarse carbide particles in a ferrite matrix, 
was studied for it was believed that if the carbides in this type of 
structure would dissolve rapidly, there could be no doubt that the 
rate of carbide solution in commercial structures (pearlitic or finely 
divided or spheroidized cementite) would be much greater. 

The results which have been obtained provide more information 
on carbide solubility and the time required at the holding tempera- 
tures to develop full hardness in quenched specimens than they do 
about austenite grain growth. However, it seems obvious that the 
very rapid rates found for carbide solubility in steels of about 0.40 
per cent carbon or less preclude the possibility of the carbides in 
such steels having any important effect in retarding the growth of the 
austenite grains. 


PrEvIoUS INVESTIGATIONS 


Few exact data have ever been published on the rate of solution 
of carbides in hypoeutectoid steels. As far as the authors know, no 
investigator has studied the solution of such coarse carbide particles 
as were used in the present investigation, especially in a hypoeutectoid 
plain carbon or low alloy steel. 

McQuaid (1) made a limited investigation of the rate of carbide 
solution in three aluminum-killed steels of similar analyses to the 
ones studied in the present investigation. He reported that a steel 
(0.38 per cent carbon, 0.85 per cent manganese, 0.13 per cent silicon, 
0.011 per cent aluminum) in the normalized condition required about 
15 minutes at 1500 degrees Fahr. to complete carbide solution and 
that the same steel spheroidized for 24 hours at 1225 degrees Fahr. 
required over 15 minutes at 1700 degrees Fahr. to effect complete 
solution. 
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R. G. Guthrie (7) made a study of “the importance of the 
condition of cementite’ and although no specific data were presented 
as to the rate of carbide solution in hypoeutectoid steels, he empha- 
sized the great difficulty with which carbides in the spheroidized 
condition go into solution at normal hardening temperatures. 

Bain (4) investigated several steels of the same analyses, one 
in the normalized condition and one in the spheroidized condition and 
brought out the difference in the rate of solution of the carbides in 
the two types of structures. He heated each steel a short period of 
time at several temperatures above the lower critical and determined 
the temperature required to develop the same maximum hardness 
from each steel by quenching. No conclusions as to the rate of car- 
bide solution can be drawn from Bain’s work because he failed to 
specify the analyses of the steels used and the time the specimens 
were held at temperature before quenching. 

A number of investigators have studied carbide solution in hyper- 
eutectoid plain carbon and alloy steels but obviously the results of 
such investigations cannot be correlated to the present investigation 
on definitely hypoeutectoid steels. 


MATERIALS AND PROCEDURE 





The chemical compositions of the steels studied are given in 
Table I which also shows the type of furnace used in their produc- 
tion. The total aluminum contents suggest that five of these steels 
have had enough aluminum added to have an effect on the grain 
growth characteristics. In addition, steels “C13” and “B10” are 
relatively high in nitrogen. 






Table | 
Chemical Composition of Steels Used in Carbide Solubility Investigation 





Lab. Total Melting 
No. ‘ Mn Si P S Va Mo Cr N Al Furnace 
Cll 78 @€276.@628 @Otea OOll Cae css .... 0.002 0.010 Electric 
77 3 0.24 0.017 0.013 0.010 0.010 Electric 
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Table Il 
Deoxidation Practice and Grain Growth Characteristics of Steels 


A.S.T.M. Austenite Grain Size of Case 
8 Hours at Carburizing Temperature 


Deoxidation Degrees Fahr. ———__. 

Number Practice 1600 1700 1800 1900 

C11 Al 3 Ibs. per ton 4—5 4—5 4-5 : 

C13 (a) 6-8 4-5 4-5 ; 

BS Al 0.75 lbs. per ton 6 6 3 1 

y a ; 4 ‘ 

A (a) 4 3 3 2 

xX be . 3 ‘ ; 

S “F 8 8 7&2 4&2 

B6 Al 1 Ib. per ton 7 5-6 4 —2 

B10 (a) 6 6 2&6 ] 

} 


Aluminum added as 5 oz. in top 6 inches of ingot. 


{ 
a 


All of these steels have been subjected to at least one grain 
erowth test and most of them have been tested over the range of 
1600 and 1900 degrees Fahr. (870 and 1040 degrees Cent.). Table 
II shows the deoxidation practice insofar as data could be obtained 
and shows the grain sizes developed in the case on carburizing eight 
hours at the various temperatures. These steels would be rated as 
fine, medium and coarse-grained by the McQuaid-Khn test. 

These commercial steels were given a 114- to 150-hour sub- 
critical spheroidizing treatment to produce structures suitable for 
carbide solution study. 

From these steels thus treated, specimens 3 inch square by 
‘; inch in thickness were prepared and given solution treatments 
at temperatures ranging from 1400 to 1700 degrees Fahr. (760 to 
925 degrees Cent.) and for time intervals ranging from 1 second 
to 30 minutes at temperature. The specimens were immersed in a 
lead bath for the desired time interval at the desired temperature for 
heating, followed by an immediate quench in either water or a 2.5 
per cent NaOH solution. 

With the aid of a thermocouple inserted in the center of a 
dummy specimen it was found that approximately 2 seconds was 
required to bring the small specimen up to the temperature of the 
bath. Therefore the time at temperature reported in the data is 
2 seconds less than the total time in the bath and is believed to be 
accurate to the closest second. 

Quenching of the specimens was accomplished by a speedy with- 
drawal of the specimen from the lead bath, followed by an immediate 
quench into still water or NaOH solution at room temperature. The 
specimens were simply immersed in the quenching medium, no 
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stirring action being imparted to them. Since the volume of the 
specimen was so small compared to the volume of the quenching 
medium, the specimen was brought to the temperature of the bath 
very quickly. The specimens (2 or 5 in a group) were treated 
simultaneously by means of a special holder in order to eliminate 
any variables in technique. The temperature of the lead bath was 
maintained by a controller to within + 5 degrees Fahr. of the 
desired temperature. 

Handling of the small specimens in the lead bath and quenching 
medium was accomplished by means of a 6-inch length of y-inch 
welding rod spot welded to a corner of each specimen. In this man- 
ner little heat transfer took place through the handling device. Care 
was exercised in making hardness determinations and microscopic 
examination to avoid using the corner of the specimen affected by 
the heat imparted during the spot welding operation. 

Following the solution treatment, from 7 to 10 Rockwell “C” 
hardness values were determined on a polished face of each specimen, 
The specimens were then prepared for microscopic examination. 
Certain of the specimens were tempered for 45 minutes at 700 de- 
grees Fahr. (370 degrees Cent.) to bring out the desired contrast in 
the microstructure. 


SPHEROIDIZED CARBIDE STRUCTURES 


In order to produce structures consisting of coarse carbide par- 
ticles in a ferrite matrix as shown in Figs. 1 to 8 inclusive, the steels 
used in the present investigation were given long subcritical holding 
treatments, 114 to 150 hours. The photomicrographs show that 
there is a wide variation in the size and distribution of the carbide 
particles in the different steels from essentially the same spheroidizing 
treatments. 

The steels shown in Figs. 1 and 2 have essentially the same 
chemical composition except that “C11” (Fig. 1) contains 0.22 per 
cent vanadium which apparently is effective in causing coalescence of 
the carbide particles into massive carbides. Steel “C13”, however, 
had a higher nitrogen content, 0.010 per cent as compared with 
0.002 per cent in “C11”, and it may well be that the nitrogen content 
was an important factor in controlling carbide growth. 

Steels “B8” and “Y”, Figs. 3 and 4, show closely related 
analyses except that steel “Y’’ contains 0.38 per cent molybdenum 
and 0.085 per cent chromium. The effect of this alloy addition 
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appears to be to prevent coalescence of the carbide particles resulting 
in a more uniform size and distribution of the carbide particles. The 
nitrogen contents of these two steels are essentially the same, but 
steel “Y”’ is materially higher in total aluminum content. 

The structures of the two low carbon steels “A” and “X” are 
shown in Figs. 5 and 6. Steel “A” and “X” have essentially the same 
analyses except that “X” contains 0.54 per cent molybdenum. These 
steels were given identical spheroidizing treatments and it is inter- 
esting to observe the marked effect of the 0.54 per cent molybdenum 
in preventing the growth of the carbide particles. Attention should 
be called to the fact that the plain carbon steel “A” shows widely 
separated, rather coarse carbide particles as compared to the more 
uniform structures of the alloy steel “X”. The nitrogen contents 
of these two steels are essentially the same, but steel “X” contains 
twice as much total aluminum. This marked difference in carbide 
distribution is reflected in the hardening characteristics, as will be 
discussed later. 

Figs. 7 and 8 show the difference in structures of steel “BO" 
and “S’’. The vanadium-containing steel shows finer carbides and 
if this is attributed to vanadium, the effect of the vanadium in this 
case is just the opposite to its effect in steel “C11” (Fig. 1) as com- 
pared with steel “C13” in Fig. 2. However, it should be noted that 
steel “S” contains 0.02 per cent total aluminum as compared with 
0.003 per cent in steel “B6”. 

Steel “B10” happened to be heated high enough in the sphe- 
roidizing treatment that on cooling it contained areas of pearlite and 
some undissolved carbides in a ferrite matrix as shown in Fig. 9. 
Thus this steel is not available for comparison of the size and dis- 
tribution of the carbides after the long subcritical temperature treat 
ment. It has been used in the test to be discussed later under 
Rockwell “C” hardness studies. Presumably the slightly higher 
manganese content (0.83 per cent) of steel “B10” lowered its lower 
critical temperature enough that this steel was heated into the critical 
range while the others were not. 

While it is not fundamental to the present study, it is of interest 
to draw conclusions regarding those factors which favored or hin 
dered the formation of large carbide particles in the long heatings at 
slightly subcritical temperatures. 

Comparing steels “C11” and “C13” (Figs. 1 and 2) it must be 
concluded that 0.22 per cent vanadium favors carbide growth or that 
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the 0.010 per cent nitrogen in steel “C13” as contrasted with only 
0.002 per cent nitrogen in steel “C11” is the more important factor. 
Aluminum or alumina do not seem to be involved. 

Comparing steels “B8” and “Y” (Figs. 3 and 4) the factors 
which may be selected as possible inhibitors are molybdenum (0.38 
per cent), chromium (0.085 per cent) and total aluminum (0.010 
per cent). 


Comparing steels “A” and “X” the two factors which seem 
most likely to have inhibited carbide growth are molybdenum (0.54 


Fig. 9—B10 Held 114 Hours at 1300 

1325 Degrees Fahr. X 1000. 
per cent) and total aluminum (0.020 per cent) in steel “X’’ while 
steel “A” contained no molybdenum and only 0.010 per cent total 
aluminum. 

Comparing steels “S” and “B6” the vanadium (0.18 per cent) 
and aluminum (0.020 per cent vs. 0.003 per cent in steel ‘“B6’’) are 
selected as probable factors. Since vanadium was either a promoter 
of carbide coarsening in steel “C11” as compared with “C13” or was 
dominated by the nitrogen (0.010 per cent) it seems reasonable to 
conclude that the relatively high aluminum (probably nearly all as 
Al,O,) is the more important factor. There are two other com 
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parisons in which the aluminum could have been an important factor 
in controlling carbide growth but in each case molybdenum was 
present and in one case chromium was also present in the material 
which showed the finer carbides. 

From the very limited number of compositions of steels studied 
it is suggested that nitrogen and total aluminum (probably AI,O, ) 
are important factors in inhibiting the growth of carbide particles 
in hypoeutectoid steels upon long heating at temperatures just below 
the lower critical. These factors may be more important in these 
steels than the presence of some atoms of vanadium or molybdenum 
or chromium in the ferrite lattice. With higher alloy contents and 
the presence of different carbides the situation may be changed, 
however. 

It should be evident from the photomicrographs just discussed 
that the type of structures used in this investigation is definitely more 
unfavorable for carbide solution and the formation of austenite than 
are ordinary commercial structures. 

Grossmann (6) has demonstrated that austenite grains form at 
the cementite-ferrite interfaces of pearlite areas. Attention should 
be called to the great difference in the cementite-ferrite interfacial 
area Of a structure such as is shown in Fig. 5 as compared to an 
ordinary commercial pearlitic or finely spheroidized cementite struc- 
ture. 

To enable the complete formation of austenite in a structure 
such as is shown in’‘Fig. 5, solution of the carbides must first take 
place by reaction of the ferrite at the surface of the comparatively 
tew, large carbide particles, followed by assimilation of the large 
surrounding ferrite areas by the carbon-rich austenite surrounding 
each large carbide particle. As diffusion of the carbon in the carbon- 
rich austenite takes place through the surrounding ferrite, more car- 
bon is continually fed to the austenite surrounding each carbide 
particle until the original carbides are completely dissolved. It then 
remains for a further diffusion of the carbon to take place until a 
uniform carbon content of the austenite results. In the case of a 
pearlitic structure consisting of alternate plates of ferrite and carbide 
there is a much greater ferrite-cementite interfacial area for solution 
and diffusion from which it would be expected that complete carbide 
solution and formation of a uniform carbon content austenite would 
occur considerably faster than it would in the structures used in the 
present investigation. 
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HARDNESS DETERMINATIONS 





The average Rockwell “C’’ hardness value was determined, after 
quenching, for each specimen given a solution treatment. Figs. 10 to 
13 show these values plotted as a function of time at temperature 
prior to the quench. It will be noted from a study of the photo- 
micrographs to be discussed later representing structures developed 
at various points on the hardness curves, that the hardness observed 
is closely related to the amount of carbide solution that took place 
prior to the quench. In other words, the hardness that can be de- 
veloped is believed to be dependent upon the amount of carbon 
actually in solution at the instant of quenching, but that this relation 
is limited in its application to perhaps 0.50 to 0.60 per cent dissolved 
carbon. 

All steels, unless specified otherwise in the data, had slightly 
less than zero Rockwell “C” hardness as a result of the spheroidizing 
treatment. Accordingly, any measurable hardness on the Rockwell 
“C” scale could result only from a solution of the carbides and 
diffusion of carbon in the austenite. Therefore, the curves of Figs 
10 to 13 give a rather complete picture of the rate of carbide solution 
in the various steels at the various temperatures investigated. ‘Table 
III gives a sample of the individual Rockwell “C” hardness values 
used in determining the average hardness. Other hardness data are 
not tabulated because the results are shown in curves. 


Table Ill 
Rockwell “C”’ Values for Specimens of Steel “Y’’ Held at 1500 Degrees Fahr. 







Value — -——-—--- — Time at Temperature in Seconds————— a 
No. 5 15 30 60 120 360 480 900 180 

l 36.2 46.5 52.4 55.5 54.0 59.0 59.6 0 58.8 
2 34.8 48.1 52.2 57.0 54.0 57.8 57.1 56.0 57.0 
3 38.0 50.1 52.3 57.5 56.0 58.2 57.0 58.8 56.0 
4 40.0 49.5 §2.2 58.0 52.2 58.1 57.0 57.2 55.0 
5 37.5 49.6 51.9 56.0 52.3 57.1 59.0 56.2 53.0 
6 37.0 50.0 53.4 56.5 52.3 57.6 59.6 59.2 56.5 
7 35.4 49.1 52.1 54.6 §2.3 58.0 59.2 56.8 58.8 
8 34.0 49.6 52.1 56.0 53.4 57.0 59.8 59.0 58.2 
9 35.1 51.2 52.5 57.0 58.0 59.0 59.6 59.2 59.0 
10 35.6 49.2 52.8 57.8 59.0 58.6 58.2 58.5 58.3 
Aver. 35.4 49.3 52.4 56.6 54.8 58.0 58.6 57.9 57.1 
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Fig. 10 shows the relation of hardness of quenched specimens 
of the low carbon steels “A” and “X” to holding time at various 


temperatures. Figs. 11 and 12 show similar relations for the medium- 
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carbon steels, while the curves for the higher carbon (hypoeutectoid ) 
steels are shown in Fig. 13. 

In the case of steels Cll and C13, as shown later in the photo- 
micrographs, it appears that in steels of this carbon content (0.78 
and 0.77 per cent), only partial solution of the carbides is necessary 
for the development of maximum hardness upon quenching. This 
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Fig 10—-Effect of Holding Time and Temperature on Rockwell “C’’ Hardness of 
Low Carbon Steels “A” and “*X.”” Specimens Quenched in Water at 80 Degrees Fahr. 


is In agreemen,. with the findings of Burns, Moore, and Archer (8) 
who found that an increase in carbon content beyond the neighbor- 
hood of 0.55 per cent carbon had no effect upon increasing the hard- 
ness that could be obtained upon quenching. In view of their findings 
and also of the present data, it is believed that as soon as this critical 
amount of carbon is in solution (necessitating as it would only partial 
carbide solution), maximum hardness may be developed and it is sug- 
gested that there is then a decreased tendency for further carbide 
solution. Thus it is believed that the hardness curves for steel Cll 
and C13 indicate the rapid rate of solution of this critical amount of 
carbon. It was indeed interesting to find that in steel “C13”, solu- 
tion of this critical amount of carbon occurred within just 1 second 
at a holding temperature of 1600 degrees Fahr. (870 degrees Cent.). 

The rest of the steels studied contained considerably less than 
the critical amount of carbon and it is apparent from a study of the 
photomicrographs representing maximum hardness points on the 
curves that complete carbide solution must occur before maximum 
hardness can be developed. Accordingly, the curves for these steels 
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Fig. 11—-Effect of Holding Time and Temperature on Rockwell ‘‘C’’ Hardness 
of Medium Carbon Steel “B6,"’ ““B8’’ and “B10.” Specimens Quenched 2.5 Per Cent 
NaOH Solution. 





indicate rather accurately the rate of carbide solution and it is to be 
noted that complete carbide solution (indicated by maximum hard- 
ness points on the curves) occurs in a surprisingly short time at the 
temperatures studied. Maximum hardness was not developed at 
temperatures between the lower and upper critical (Ac, and Ac,) 
even though complete carbide solution had occurred because of the 
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_ _Fig. 12—Effect of Holding Time and Temperature on Rockwell ‘‘C’”’ Hardness 
of Medium Carbon Steels “S’” and “Y.’’ Specimens Quenched in 2.5 Per Cent 
NaOH Solution. 


undissolved ferrite remaining in equilibrium in this temperature 
range. 

Attention should be called to the effect of 0.54 per cent molybde- 
num in steel “X” (Fig. 10) as compared with the plain carbon steel 
“A”. It appears to increase the rate of carbide solution and maxi- 
mum hardness attainable upon quenching. This difference may be 
partly accounted for by the marked difference in the size and dis- 
tribution of the carbides in the original structures. 


Stupy OF MICROSTRUCTURES 


Microscopic examination of specimens quenched from several 
temperatures after various holding times was the principal means of 
studying the rate of carbide solution in the present investigation. 
This method of study also made it possible to determine the amount 
of undissolved ferrite, which was important in certain specimens, 
especially when they were heated at temperatures below their upper 
critical. More than 100 photomicrographs have been prepared and 
many other specimens have been examined. Only selected micro- 
structures are presented in this paper. 
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; Fig. 13——-Effect of Holding Time and Temperature on Rockwell ‘‘C’’ Hardness 
of Higher Carbon Steels Cll and C13. Specimens Quenched in 2.5 Per Cent 


NaOH Solution. 


After trying various methods of etching it was found desirable 
to temper all quenched specimens at 700 degrees Fahr. for 45 min 
utes. The etchant used on the tempered specimens was Vilella’s 
reagent. This metallographic procedure brought out the desired 
contrast in microstructure showing the undissolved carbides as 


smooth white particles generally in relief, the ferrite as rough white 


areas (in some cases the ferrite was polished nearly as smoothly as 
the carbides), and the austenite (changed to martensite by the quench 
and tempered to troostite or sorbite) as a dark constituent, the degree 
of darkening depending somewhat on the carbon concentration of the 
austenite before the quench. Thus the carbide solution was readily 
followed by observing the decrease in carbide particle size, decrease 
in size and number of ferritic areas, and increase in size and number 
of austenitic areas. After the carbides were dissolved, the progress 
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of carbon diffusion was observed by the manner of etching of the 
austenite (troostite or sorbite in the photomicrographs) i.e., areas 
rich in carbon prior to the quench showed more darkening by the 
etchant than did areas having a lower carbon concentration. Thus 
a rough idea as to the difference in carbon content throughout the 
austenite could be gained. 

Microstructures of Low Carbon Steels—Steels “A” and “X” 
each have 0.17 per cent carbon and may be taken as representative 
of this type of steel. Their structures after spheroidization are 
shown in Figs. 5 and 6 and it will be noted that steel “A” had 
coarser carbide particles. The hardness curves for these steels are 
shown in Fig. 10. 

Since the commercial heat treating temperature for a steel of this 
analysis would be about 1700 degrees Fahr. (925 degrees Cent.) the 
photomicrographs to show the carbide solution have been selected 
from tests made at that temperature. Figs. 14 and 15 show the struc- 
ture of steels “A” and “X” respectively after 2 seconds at 1700 
degrees Fahr. The larger carbide particles in steel “A” (Fig. 14) 
have not completely dissolved and the austenite area is much less 
extensive than in steel “X”’ in Fig. 15. It appears that the finer car- 
bides in steel “X” have completely dissolved in 2 seconds at 1700 
degrees Fahr. (925 degrees Cent.). In spite of the larger amount 
of ferrite in steel “A” the hardnesses of the quenched specimens are 
essentially the same. 

The microstructures of steels “A’’ and “X” after holding 8 
seconds at 1700 degrees Fahr. (925 degrees Cent.) are shown in 
igs. 16 and 17 respectively. The carbides have completely dis- 
solved and excess ferrite is no longer evident. The hardnesses were 
30.8 and 42.2 Rockwell “C’’ for steels “A” and “X” respectively. 
This was the maximum for steel “X” but steel “A” showed a 
further increase in hardness on longer heating to a maximum of 
about 37. It is thought that the slower development of full hardness 
of steel “A” is due to the longer time required for uniform diffusion 
ot the carbon in the austenite. Steel “X” developed a higher hard- 
ness which apparently can be attributed to its molybdenum content. 

At 1600 degrees Fahr. (870 degrees Cent.) steel “A” developed 
essentially the same hardness as at 1700 degrees Fahr. (925 degrees 
Cent.) after about 30 seconds while steel “X” showed full hardness 
after 15 seconds. At 1500 degrees Fahr. (815 degrees Cent.) neither 
of these steels developed full hardness even in 900 seconds. At this 
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. 14—Steel “A”? Held 2 Seconds at 1700 Degrees Fahr. . Rockwell ‘‘C’’ 

. 15—Steel “X’’ Held 2 Seconds at 1700 Degrees Fahr. . Rockwell “‘C’”’ 2 
ig. 16—Steel ‘“‘A’’ Held 8 Seconds at 1700 Degrees Fahr. . Rockwell “C” ; 
. 17—Steel ““X”’ Held 8 Seconds at 1700 Degrees Fahr. rer. Rockwell “C”’ 

All Photomicrographs x 1000 
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Fig. 19—Steel ““B8’’ Held 


Fig. 20 
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1 Second at 1600 Degrees Fahr. Xx 1000. 
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temperature free ferrite was always present but the carbides were 
practically all in solution after 4 minutes. 

Microstructures of Medium Carbon Steels—Steels “B8’, “Y”, 
“S”, “B6” and “B10” are in the medium carbon group. Steel “Y” 
contains 0.38 per cent molybdenum and 0.085 per cent chromium 
while steel “S” contains 0.18 per cent vanadium. Steels “B6” and 
‘““B8” may be taken as representative of this group without alloying 
elements. 

The spheroidized structures of steels “B6” and “B8” are shown 
in Figs. 8 and 3 respectively. “B8&’ shows larger areas containing no 
carbides. The hardness data for these steels are shown in Figs. 11 
and 12. 

The microstructures of steels “B6” and “B8” after heating | 
second at 1600 degrees Fahr. (870 degrees Cent.) are shown in 
Figs. 18 and 19 respectively. These micrographs furnish a good 
illustration of the effect of carbide distribution and size on the rate 
of formation of austenite; the larger ferrite areas in steel “B8” as 
spheroidized are still evident after 1 second at 1600 degrees Fahr. 
(870 degrees Cent.). The quenched hardness is in good agreement 
with the microstructures. From the hardness curves in Fig. 11 it is 
indicated that steel “B6” develops full hardness in about 15 seconds 
while steel “B8” does not develop as high hardness and its hardness 
is continuing to increase slightly at this holding time. The micro- 
structures of steels “B6” and “B8” after heating 15 seconds at 1600 
degrees Fahr. (870 degrees Cent.) are shown in Figs. 20 and 21 
respectively. Both show complete disappearance of the carbides, but 
steel ““B6” shows areas in which low carbon content is indicated and 
steel “B8” actually shows a small amount of undissolved ferrite. 

At 1500 degrees Fahr. (815 degrees Cent.) the holding times 
to ‘effect full hardness for steels ‘“B6” and “B8” were about 45 to 
30 seconds respectively. However, the ferrite in “B8” required be- 
tween 120 and 300 seconds for complete solution. Similar data for 
“B6” were not obtained. 

Steels “S” and “Y”’ of the medium carbon group are of interest 
because of their slight alloy contents. Their structures after the 
spheroidizing treatments are shown in Figs. 7 and 4 and their hard- 
ness curves in Fig. 12. 

The structures of steels “S” and “Y” after 1 second at 1600 
degrees Fahr. (870 degrees Cent.) are shown in Figs. 22 and 23 
respectively. There has been considerable solution of carbides but 
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22—Steel ‘ 
23—Steel ‘ 
Fig. 24—Steel ‘ 
Fig. 25—Steel ‘ 


‘S” Held 1 Second at 1600 Degrees Fahr. Aver. Rockwell “C’’ 51.7. 

‘Y"’ Held 1 Second at 1600 Degrees Fahr. Aver. Rockwell “C’’ 49.7. 

S’”’ Held 4 Seconds at 1600 Degrees Fahr. Aver. Rockwell “‘C’”’ 53.5. 

Y’’ Held 4 Seconds at 1600 Degrees Fahr. Aver. Rockwell “‘C’’ 56.8. 
All Photomicrographs x 1000 
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this reaction is not complete and excess ferrite is evident. It is of 
special interest to note that after only 1 second at 1600 degrees Fahr. 
(870 degrees Cent.) and before either the carbides or ferrite have 
disappeared, steels “S’’ and “Y” developed Rockwell “C” hardnesses 
of 52 and 50 respectively. 

The structures of steels “S” and “Y” after 4 seconds at 1600 
degrees Fahr. (870 degrees Cent.) are shown in Figs. 24 and 25 
respectively and the hardness as shown in Fig. 12 are as high as can 
be developed even after 900 seconds at temperature. 

It is of interest to compare the rates of carbide solution of these 
two low alloy steels with steels ‘“B6"’ and “B8’. The data herein 
presented show that steel “S” with 0.18 per cent vanadium and stee! 
“Y” with 0.38 per cent molybdenum and 0.085 per cent chromium 
have a more rapid rate of carbide solution and develop full hardness 
in a shorter time than steels ‘“B6” and “B8”. This relation is prob- 
ably due in the most part to the somewhat coarser carbide particles 
in “B6” and “B8” and especially to the larger ferrite areas in “B8” 
in the spheroidized condition. Certainly there is no indication that 
the presence of vanadium or molybdenum retards the rate of carbide 
solution. 

Tests on steels “S” and “Y” at 1500 degrees Fahr. (815 degrees 
Cent.) showed the time required for complete carbide solution was 
about 120 seconds as compared with 4 seconds at 1600 degrees Fahr. 
(870 degrees Cent.), thus indicating that the rate of carbide solution 
is increased about 30 times by increasing the temperature 100 degrees 
Fahr. Also as shown in Fig. 12 these steels require 60 seconds or 
more to develop full hardness at 1500 degrees Fahr. (815 degrees 
Cent. ). 

At 1400 degrees Fahr. (760 degrees Cent.) neither steel devel- 
oped full hardness even after 900 seconds at temperature and both 
showed excess of carbides and ferrite even after 1800 seconds at 
1400 degrees Fahr. (760 degrees Cent.). In general, steel “Y” 
showed a higher hardness than steel “S” and it may be pertinent to 
note that steel “Y” showed a grain size of 4 in the McQuaid-Ehn 
test while steel “S” showed a grain size of 8 and contained twice as 
much total aluminum (probably ‘resent as Al,O,) as did steel “Y”. 

Steel “B10” is lower in carbon than the other steels in this 
group and as shown in Fig. 9 was not spheroidized like the others. 
For these reasons it is not readily comparable with the others, but 
the hardness curves for steel “B10” are shown in Fig. 11. 
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Higher Carbon Steels—Steels “C11” and “C13” represent high- 
er carbon materials, but are still hypoeutectoid in composition. These 
steels are quite close in chemical composition except that “C11” con- 
tains 0.22 per cent vanadium and only one-fifth as much nitrogen as 
“C13”. Their spheroidized structures are shown in Figs. 1 and 2 and 
it will be noted that steel “C11” developed much coarser carbides. 
The hardness curves for these steels are shown in Fig. 13. 

Figs. 26 and 27 show the undissolved carbides in steels “C11” 
and “C13” after 2 and 1 seconds at 1600 degrees Fahr. respectively, 
at which time both steels developed full hardness of 67 Rockwell 
“C”. The slower rate of carbide solution and the longer time for 
steel “C11” to develop full hardness is thought to be attributable to 
the larger carbides in the spheroidized structure. 

Fig. 28 shows the microstructure of steel “C11” after 600 sec- 
onds at 1600 degrees Fahr. while Fig. 29 shows the structure of steel 
“C13” after 60 seconds at the same temperature. It is evident that 
the carbides in steel “C11” are much slower in going into solution. 
The reason for this difference is not evident. The larger size of the 
carbides in the spheroidized specimens could be a factor and a ques 
tion may be raised regarding the effect of vanadium. Steel “S” 
which contained 0.18 per cent vanadium did not show that vanadium 
retarded the solution of the carbides because the carbides went into 
solution more rapidly than they did in steels “B6” and “B8” which 
did not contain vanadium. 

At 1500 degrees Fahr. (815 degrees Cent.) which would be 
nearer to commercial hardening temperatures for a steel of this car- 
bon content, steels “C11” and “C13” developed full hardness in 5 
and 7 seconds respectively. Yet the microstructures showed that the 
carbides were not completely dissolved even after 3600 seconds 
although they had almost disappeared in steel “C13”. 

At 1400 degrees Fahr. (760 degrees Cent.) both steels showed 
undissolved carbides after holding 2 hours (7200 seconds) at tem- 
perature although steel “C11”’ developed full hardness in 180 seconds 
and steel “C13” in 600 seconds. However, the increase in hardness 
of “C13” after 180 seconds was slight. It will be noted from Table 
II that steel “C11” showed a coarser grain size on carburizing at 1600 
degrees Fahr. but these steels showed the same grain size in the 
McQuaid-Ehn test. 

The data from the tests on steels “C11” and “C13” show that 
the time at 1600 and 1500 degrees Fahr. (870 and 815 degrees Cent. ) 
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required to effect enough carbide solution to develop full hardness is 
quite short, 1 to 7 seconds, and at 1400 degrees Fahr. (760 degrees 
Cent.) only a few minutes are required. On the other hand, the 
time required for complete solution of the carbides is quite long— 
| to 2 hours or even longer at the lower temperatures. Thus the 
picture of carbide solubility and the possible effect of undissolved 
carbides on the growth of the austenite grains in these steels is 
decidedly different than in steels containing about 0.40 per cent or 


lower carbon. 
SUMMARY AND CONCLUSIONS 


The rate of carbide solution and of austenite formation has been 
studied in a series of hypoeutectoid plain carbon and low alloy steels. 
\s a supplement to the metallographic studies the hardnesses of all 
quenched specimens have been determined, thus providing curves for 
the relation of holding time at various temperatures to the hardness 
developed in quenched specimens. In general, good correlation has 
heen found between the microstructures and the hardnesses. 

The following conclusions seem warranted: 

(1) In the low carbon steels (0.17 per cent carbon) the carbon 
goes into solution quite rapidly at temperatures above the upper 
critical and the carbon all disappears sooner than the ferrite. In these 
steels not more than 8 seconds at 1700 degrees Fahr. was required 
for complete solution of coarsely spheroidized carbides. 

(2) Inthe medium carbon steels (0.30 to 0.40 per cent carbon ) 
the relative rate of carbide and ferrite solution depends upon the 
testing temperature. Within the critical range, it is possible to dis- 
solve all of the carbides and retain free ferrite. At 1600 degrees 
Kahr. (870 degrees Cent.) neither the carbide nor the ferrite was 
all in solution in one second, but in 4 to 15 seconds the carbide had 
disappeared in all steels tested and the ferrite had disappeared in 
three out of four steels. One steel definitely showed excess ferrite 
and another showed areas which were evidently low in carbon after 
15 seconds at 1600 degrees Fahr. (870 degrees Cent.). 

(3) The rapid rate at which the carbides go into solution in 
the above two groups of steels, even when coarsely spheroidized, and 
the short time required for the complete solution of the carbides seem 
to preclude the possibility of carbides in such steel functioning to 
inhibit coarsening of the austenite grains. 

(4) The times required at temperature to develop full hardness 
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on quenching the small specimens used seem remarkably short. The 
medium carbon steels developed full hardness after holding at 1600 
degrees Fahr. (870 degrees Cent.) not over about 15 seconds 
and even at 1500 degrees Fahr. (815 degrees Cent.) the time re- 
quired to develop full hardness ranges from one-half to less than 
10 minutes for the steels studied. 

(5) In the two higher carbon steels (0.77 and 0.78 per cent 
carbon) the time required for enough carbon to go into solution to 
develop full hardness on quenching was quite short, being 1 to 
seconds at 1600 degrees Fahr. (870 degrees Cent.) and 5 to 
seconds at 1500 degrees Fahr. (815 degrees Cent.). These holding 


) 
/ 


times left undissolved carbides and decidedly longer times were 
required for their complete solution. At 1600 degrees Fahr. (870 
degrees Cent.) one of these steels (C13) showed nearly complete 
carbide solution in 1 minute while the other (Cll) reached a 
similar condition in 10 minutes. At 1500 degrees Fahr. (815 de- 
grees Cent.) steel “C11”, which developed the coarser carbides in 
the spheroidizing treatment, showed a considerable amount of undis- 
solved carbides after 1 hour while steel “C13’’ showed practically 
complete solution of the carbides in that length of time. 

(6) The only correlation which can be made between grait: 
coarsening of these higher carbon hypoeutectoid steels and carbide 
solution is that the steels tested showed 4 to 5 grain sizes in both case 
and core after carburizing for 8 hours at 1700 and 1800 degrees 
Fahr. (925 and 980 degrees Cent.), whereas it is known that the 
carbides go into solution at 1600 degrees Fahr. (870 degrees Cent.). 
Were the carbides the effective grain growth inhibitor it would seem 
reasonable to expect coarsening of the austenite grains as soon as 
the carbides had been dissolved. 

(7) This work suggests that other factors, such as aluminum 
and nitrogen contents, may be more important in controlling the 
coarsening of the carbides on long heating at subcritical tempera- 
tures than low alloy contents. 

(8) It is indicated that size and distribution of carbides are 
important factors in the behavior of steels during heating for harden- 
ing. Large areas of free ferrite increase the time required for the 
ferrite to disappear. Large carbides go into solution more slowly 
than smaller ones and this relation is conspicuous in the steels ap- 
proaching the eutectoid composition. 

(9) Certain indications have been found that the rate of car- 
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bide solution in the higher carbon hypoeutectoid steels is very rapid 
until enough carbon is in solution to produce full hardness in 
quenched specimens, but that the rate for further carbide solution is 
very much lower. 

(10) The data which have been obtained indicate that the 
carbides in hypoeutectoid steels do not play any significant part in 
inhibiting austenite grain coarsening. 
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THE WHITE LAYER STRUCTURE IN THE EROSION 
MACHINE GUN BARRELS 


By W. H. Snarr AND W. P. Woop 


Abstract 





The nature of the white layer formed during the 
erosion of machine gun barrels has been studied. Two 
explanations of the nature of this layer have been ad- 
vanced by others who have studied this effect. One view 
is that the layer consists of martensite while the other 
maintains that the layer is the result of a nitriding action. 
In the present investigation the constitution of the layer 
has been studied by metallographic means and the use of 
X-rays. All the evidence thus obtained indicated the 
presence of nitrides. Finally, it was found that by dupli- 
cating the probable temperature conditions in the gun bar- 
rel, it was possible to produce a layer apparently identical 
with the one observed in eroded gun barrels. The con- 
clusion, therefore, seems warranted that this layer consists 
of nitrides in solution and not martensite. 





ROSION of gun barrels has been defined by Wheeler (1)! 
the enlargement of the bore and obliteration of the rifling from 
any cause. There are various causes, but this paper will deal only 
with the erosion caused by the cracking and spalling of the bore sur- 
face due to the formation of a hard layer of low ductility. 

The process of erosion is of great importance to makers of gun 
barrels and especially to the Ordnance Department of the Army. 
This importance is due to the fact that the average life of a machine 
gun barrel is between 4000 and 5000 rounds. This extremely short 
life is due mostly to the loss of accuracy caused by the ruinous effects 





of erosion. Fig. 1 shows how this wearing of the bore increases with 
the number of rounds fired. The relation is not linear, but is almost 
parabolic. The importance of erosion becomes more pronounced as 
the number of rounds fired increases. 

The conditions within the bore of the gun tube at the instant of 
firing are very severe. The theoretical flame temperature is around 


a 1The figures appearing in parentheses refer to the bibliography appended to this paper. 
A paper presented before the Twentieth Annual Convention of the Society 

held in Detroit, October 17 to 21, 1938. Of the authors, W. H. Snair is metal- 

lurgist, research department, American Can Co., Maywood, Ill. and W. P. 

Wood is professor of metallurgical engineering, University of Michigan, Ann 

Arbor, Mich. Manuscript received March 31, 1938. 
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2800 degrees Cent. (5070 degrees Fahr.), and the gases have a pres- 
sure of 51,000 pounds per square inch. The products of combustion 
of the powder are CO, CO., CH,, N., H., and H,O. 
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Fig. 1- Erosion in Machine Gun Barrels. Effect. of 
Long Bursts of Fire on the Bore at the Origin of the Rifling. 


The layer formed during erosion is glass hard and is very brittle. 
Under the microscope it appears as a dense white structure incapable 
of resolution at 1000 diameters. This layer extends for a distance 
of approximately two and one-half inches along the bore from the 
origin of the rifling. It varies in depth along this distance, and if the 
depth were plotted versus the distance along the bore, the resulting 
curve would closely resemble a powder pressure—distance curve. 
This fact indicates a definite relationship between the powder pres- 
sures developed and the layer formation. 
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There have been two theories advanced as to the nature of this 
“white layer,” as it is called. The first theory is that the layer is 


Fig. (Upper) White Layer Structure. x 1000. 
Fig. 3—Erosion and Cracking in Bore. x 100. 


martensitic in nature and is due to the absorption of carbon at the 
bore surface. The second theory states that the layer is a solid solu- 
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of this tion of nitrides caused by the action of the nascent nitrogen in the 
ayer is exploding gases. It was the purpose of this investigation to attempt 
Fig. 4—( Upper) White Layer in a Crack. xX 1000. 
Fig. 5—(Lower) White Layer After Heating One 
Hour at 400 Degrees Cent. x 1000. 
to determine which was the correct theory in the light of the data 
at the presented. It was also the intention to shed some light upon the 
solu- hring conditions within the gun barrel. 










































































































612 TRANSACTIONS OF THE A. S. M. September 





REVIEW OF THE LITERATURE 


Carburization Theory—The carburization theory was advanced 
by W. W. De Sveshnikoff (2) in 1925. He believed that the white 
layer was of a martensitic nature, and that it was formed as a result 
of a rapid quenching of the steel at the bore surface by the large 
mass of metal surrounding it. De Sveshnikoff believed this was pos- 
sible because the surface layer absorbed an appreciable amount of 
carbon from the exploding gases. This gave a carburizing effect to 
the surface. 

De Sveshnikoff stated that when a portion of a gun barrel, con- 
taining this layer, was heated to a temperature of 320-390 degrees 
Cent. (605-735 degrees Fahr.) a darkening of the layer was obtained. 
This seemed to indicate a troostitic structure for the heated layer. 
He also claimed to find evidences of martensitic needles in the layer, 
but no one has ever definitely checked this. An analysis of the filings 
from the layer showed a varying carbon content with an average of 
about 37 per cent increase. However, these same filings showed an 
increase of several hundred per cent for the nitrogen content. 
De Sveshnikoff did not believe the increase in nitrogen content in- 
dicated anything. 

Howe (3) believed that in the brief heating period, during the 
firing, some of the initially distinct particles of ferrite and carbide 
combined to form austenite. He stated that the austenite cooled 
rapidly enough to form martensite. He did not believe in the carbon 
absorption theory. 

Dr. Fay (4), in a discussion of De Sveshnikoff’s work, stated 
that he believed the layer was martensite. He, however, attributed 
the formation to a cold-working effect in the bore. Fay did not be- 
lieye in the absorption of carbon, for he stated that the rate of 
erosion was far more rapid than the rate of cementite diffusion and 
so no more carbon could enter the steel from the exploding gases. 

Nitriding Theory—H. E. Wheeler (1) in 1922 stated that he 
believed the white layer was an austenitic case caused by the alloying 
effect of nitrogen, which lowered the A, point to allow the formation 
of a nitride solid solution. He compared the layer with the structure 
found in Haber process cylinders, stating that the two seemed 
identical. 

In 1929, Lester (5) stated that the layer was a solid solution of 
nitrides. To prove his case, he presented a complete series of photo- 
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micrographs of the layer. He also heated the layer to temperatures 


around 400 degrees Cent. (750 degrees Fahr.) and found the layer 


still persisted. This temperature is above the decomposition tempera- 
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Fig. 6—Temperature Rise in Machine Gun Barrels. Showing 


Effect of Different Lengths of Bursts—After the Burst Was Com- 
pleted. 


ture for martensite. As a final check, Lester ran an X-ray diffraction 
spectra analysis of the layer and also on a nitrided alloy steel. The 
distortion of the lattices was the same in each case. 

From this brief review of the literature, it is apparent that both 
the carburization and nitriding theories have had able support. They 
are entirely opposite in nature and much discussion has arisen as to 
which is the better explanation of the layer. The following data and 
discussion will help to clarify this situation and indicate the actual 
temperature conditions found in the barrel at the bore surface. 
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THE PRESENT INVESTIGATION 





The work done during the present investigation consisted of two 
parts. The first part was a study to determine which of the two 
theories was correct. The second part was an investigation which 
had as its aim the reproduction of temperature conditions within the 
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; Fig. 7—Temperature Rise in Machine Gun Barrels. 
Showing Relationship Between Different Lengths of Bursts 
of Fire Measured in Rounds. 


barrel. This was done in order that the temperature of reaction 
might be ascertained. 

Checks upon the Theories—The process of checking the theories 
was essentially simple. A metallographic study was made of various 
specimens from machine gun barrels in an effort to determine the 
nature of the layer. The specimens were magnified as much as 2000 
diameters for this study. 
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Fig. 8—(Upper) Case Nitrided at 1100 Degrees 
Fahr. (595 Degrees Cent.) for 12 Hours. x 1000. 

Fig. 9—(CLower) Case Nitrided at 1000 Degrees 
Fahr. (540 Degrees Cent.) for 12 Hours. x 1000. 


After the metallographic work on the used barrels was com- 
pleted, some barrels were heat treated at 400 degrees Cent. (750 de- 
grees Fahr.) for 1 hour and then slowly cooled. This was an 
attempt to determine whether the white layer did decompose at the 
higher temperatures. 
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A final check consisted of taking X-ray diffraction spectra of 
the gun barrel layer. These results were then checked against those 
obtained by Lester. 

Determination of the Temperature of Formation—After the 
nature of the layer was discovered, it was thought advisable to con- 
duct experiments for determining the temperature at which this layer 
was formed. This was done by nitriding samples of gun steel under 
various conditions. The temperatures used varied from 480 to 650 
degrees Cent. (900 to 1200 degrees Fahr.). The specimens were 
cooled at various rates, in order to reproduce the cooling rates of the 
barrel. The photomicrographs from Figs. 8 to 11 show the various 
types of layers formed under these conditions. 


DISCUSSION OF RESULTS 


All metallographic evidence obtained tends to support the nitrid- 
ing theory as advanced by Lester. In Fig. 2 it will be seen that there 
is an indistinct suggestion of a needle structure, but nothing definite. 
Such a structure is a characteristic of both nitrided and martensitic 
areas. A martensite, however, would show a much more distinct 
needle pattern at the high magnification used. It will also be noticed 
that there is a very definite tendency for the layer to follow the sur- 
face into the cracks. This is a tendency in nitrided cases; and this 
tendency is clearly shown in Fig. 4 where the layer is well within the 
crack. It is entirely evident that the layer occurs within the cracks, 
but it 1s also known that this barrel was kept at a temperature of 400 
degrees Cent. (750 degrees Fahr.) during its entire firing period. 
The presence of the white layer after such firing conditions points 
to one conclusion, that the white layer is a nitrided product. Mar 
tensite would never have remained or even formed at this tempera 
ture. A nitrided case, on the other hand, would not decompose at 
450 degrees Cent. (840 degrees Fahr.). On the basis of metal- 
lographic evidence, then, it seems that the white layer is a nitride solid 
solution. 

It would be incorrect, however, to accept or reject a theory on 
the basis of metallographic evidence alone. For this reason it was 
decided to check the metallographic results with evidence from heat 
treatments. Several sections of the gun barrels were heated in an 
electric furnace for one hour at 400 degrees Cent. (750 degrees 
Fahr.). They were furnace-cooled to eliminate any quenching action. 
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Such a treatment would completely break down any martensite 
formation and the layer, if it had been martensite, should be dark- 
ened. However, it was discovered that the layer was still white. 
Such a layer is shown in Fig. 5. 

At this point it may be well to consider the possibility of a 
martensite formation by rapid cooling as proposed by De Sveshnikoff, 
since nitrides would not form if martensite were present. De Svesh- 
nikoff argued that the large mass of metal surrounding the bore sur- 
face was sufficiently cool to allow for a rapid quenching effect on the 
bore surface. This fact, together with the definite increase in the 
carbon content, would cause the layer to be martensitic in nature. If 
the large mass were sufficiently cool De Sveshnikoff’s theory might 
hold true, but data recently obtained from the Ordnance Department 
prove that the cooling process is a slow one. Figs. 6 and 7 are charts 
of these data. These charts show how barrels cool as regards tem- 
perature (Fig. 6), and also the temperature drop from the maximum 
to a stabilization point about 15 seconds after firing has ceased. It 
will be seen from Fig. 7 that the maximum temperature drop is only 
175 degrees Fahr., and that the stabilization temperature is not low 
enough to allow any martensite to form. 

A final check was made by the use of the X-ray. An X-ray 
diffraction pattern was obtained from.the layer. The values of 
lattice distortion calculated from this“pattern checked closely with 
those given by Lester. He obtained a lattice enlargement of the 
alpha iron of 0.5 per cent, while the results of this research gave a 
0.49 per cent distortion. The enlargement of 0.50 per cent was 
exactly that obtained by Lester in a similar analysis of a nitrided 
layer on a chromium-aluminum steel. These results also indicate the 
layer in the gun barrel is a nitride. 

It is believed, from the evidence presented, that the white layer 
is a solid solution of nitrides. The nitrogen is in solution in both 
the ferrite and austenite ; this explains the glass hardness of the layer. 
This theory is in agreement with the one presented by Lester, and the 
results of the investigation check his. 

After the nature of the layer was determined, it was decided that 
an attempt should be made to determine the temperature of nitriding 
in the barrel. This was accomplished by nitriding specimens of the 
original gun steel at various temperatures and varying the rate of 
cooling. 

The cases formed at the different temperatures varied in nature, 
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but varying cooling rates showed little effect. It has been, there- 
fore, decided to show only a representative photomicrograph of each 


Fig. 10—(Upper) Case Nitrided at 900 Degrees 
Fahr. (480 Degrees Cent.) for 15 Hours. X 1000. 

Fig. 11—(Lower) Specimen, Originally Martensitic, 
Nitrided at 900 Degrees Fahr. (480 Senue Cent.) for 


15 Hours. X 1000. 


temperature. The proper procedure to test for layer duplication 
is to compare Figs. 8, 9, and 10 with Fig. 2. From a comparison of 
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these photomicrographs it is possible to determine the temperature 
of nitriding in the gun barrel. 

Fig. 8 shows a case nitrided at 595 degrees Cent. (1100 degrees 
Fahr.). It can be seen that there is a definite decomposition of the 
case at this temperature. Since there is no such decomposition in the 
layer in Fig. 2, it can readily be seen that 595 degrees Cent. (1100 
degrees Fahr.) is too high. An inspection of Fig. 9 shows that 
decomposition is still present. This fact precludes this temperature. 
When Fig. 10 is compared with Fig. 2 a striking resemblance is 
found. There is no decomposition at 480 degrees Cent. (900 degrees 
Fahr.). The layer is uniformly dense; it is also as white as the layer 
in the gun tube. A scratch hardness test showed they were equally 
hard. From a metallographic point of view, it seems that the layer 
may be duplicated in the laboratory at 480 degrees Cent. 

While the temperature of formation seems low, in view of the 
theoretical flame temperature of 2800 degrees Cent. (5070 degrees 
Fahr.), there seems to be a satisfactory explanation for this. It must 
be remembered that the actual flame temperature is always consider- 
ably lower than the theoretical flame temperature. This would tend 
to lower the temperature of nitriding considerably. 

Another factor which would lower the temperature of the bore 
surface is the poor heat transfer coefficient of a gas film. Such a 
film would undoubtedly form at the bore. This film would require 
a large temperature drop to allow heat to pass from the turbulent 
gases to the metal surface. This means that the temperature of the 
metal is much lower than the actual temperature of the gases. 

It must also be remembered that there is quite a mass of metal 
surrounding the bore surface. This mass abstracts heat at a fairly 
rapid rate from the surface and tends to keep the surface metal 
cooler. It is true, however, that a rapid quench is not involved. 

A final argument is provided by Fig. 12. This chart shows that, 
at a distance of 0.029 inch from the bore surface of a water-cooled 
gun, the temperature is approximately 430 degrees Cent. (810 de- 
grees Fahr.). Allowing for a high temperature drop across the metal 
from the bore surface to the thermocouple, and also a lag in readings, 
it is entirely possible to have a nitriding temperature of 485 degrees 
Cent. (900 degrees Fahr.). Due to the high pressures it might con- 
ceivably be somewhat less, but it certainly is no greater than 485 de- 
grees Cent. (900 degrees Fahr.). 

On the basis of the literature and the results presented, it is 
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concluded that the white layer formed during the erosion of machine 
gun barrels is a solid solution of nitrogen and nitrides in austenite 
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and alpha iron. The nitriding seems to take place at a temperature 
of 485 degrees Cent. (900 degrees Fahr.). 
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DISCUSSION 


Written Discussion: By Peter R. Kosting, chemical engineer, War 
Department, Watertown Arsenal, Watertown, Mass. 

The Ordnance Department appreciates, I am sure, the interest taken in 
studying some of its peculiar problems. 

It must be emphasized that the white layer described in this paper came 
from one type of machine gun fired under special conditions, and that the 
graphs given in Figs. 1, 6, 7, and 12 refer to another type of machine gun fired 
under very different conditions. Care must be exercised in reading some of 
the graphs to distinguish what the abscissae represent—number of rounds or 
number of rounds per burst. 

At the Watertown Arsenal, technique has been developed to bring out the 
structure of the white layer. Miss M. R. Norton, working on machine. gun 
barrels, has obtained some excellent photomicrographs showing acicular struc- 
ture and the presence of several layers. More recent work on cannon has 
shown the necessity for etching to reveal the complex structure, and it now 
appears that there are present in the portion considered as the white layer, 
up to three layers and four phases, one of which “tempers” when heated to 
700 degrees Fahr. X-ray work to identify the compounds formed is in progress. 
There appears to be no reason to doubt that there are actual nitrides of iron 
present. It should be mentioned that De Sveshnikoff observed up to 100 
per cent loss in nitrogen as well as an increase in nitrogen in other cases. 
The authors have shown that nitriding with ammonia at 900 degrees Fahr. 
produces a structureless layer the same as is observed in the gun barrel under 
the microscopic technique used. The ratio of Hz to NH; at the nitriding 
surface and the temperature and pressure materially affects the results obtained. 
[ cannot agree that the temperature of the bore surface of machine gun barrels 
must be limited to 900 degrees Fahr. to form nitrides similar to those formed 
in ammonia. Any theory of erosion will not be adequate unless it explains 
the mutual effects of CO, COs, CH, N2, He, H.O, temperature, pressure and 
time. 

Written Discussion: By Victor Stefanides, metallurgist, Illinois Tool 
Works and Shakeproof Lock Washer Co., Chicago. 

The writer should like to suggest that the authors give some consideration to 
the H, and the H.O gases present in the products of combustion. These two 
gases may play a more important role than they are being given credit for. 
The austenite when formed in presence of H:O which evidently breaks down, 
and the oxygen goes into solution with the carbides, forms a more stable 
austenite which is hard to break down, requiring higher temperatures than 
austenites without the oxygen in solution. 

Methane is a very potent carburizer but of course at higher temperatures 
than those investigated by the authors. 

Hydrogen may play an important part in cracking the layer. The writer 
has investigated some lock washers which were very brittle after electroplating. 
On investigation of this problem it was disclosed that when the washers re- 
ceived a thorough tempering so that the stresses were relieved, after electro- 
plating such washers were found satisfactory. However, washers which did 
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not receive a thorough tempering and were in a stressed condition, on electro- 
plating were very brittle even after the customary baking treatment. Therefore 
it was concluded that hydrogen embrittlement is detrimental only in cases 
when stresses exist. The hard layer in a gun barrel may be a fertile field for 
the H, to do damage in. 

Hydrogen may play another important role in cracking the layer. When 
hydrogen diffuses into steel it will combine with carbon, especially when heat 
is available, to form methane. The volume of methane would be so tremendous 
that it actually would burst the layer open. The top layer of Fig. 8 suggests 
some gas being present. 

The writer makes these suggestions as a possible field of further investiga- 
tion, because the evidence in support of nitride formation is not convincing 
The writer wishes to congratulate the authors on handling this problem so 
efficiently. 

Written Discussion: By H. H. Lester, War Department, Watertown 
Arsenal, Watertown, Mass. 

One is naturally pleased to have his experimental results verified. Mr. 
Snair and Professor Wood have contributed materially towards establishing 
the theory which states that the white layer is essentially a nitrided case. The 
probable influence of nitrogen in its formation was suggested first by A. O. 
Knight of Watertown Arsenal in 1917. However, the theory was really estab- 
lished by the elaborate research of H. E. Wheeler of the same laboratory and 
published in the A.I.M.E. Transactions of 1922. The writer, in 1929, published 
data showing the essential similarity between a commercial nitrided case and 
the white layer. These have been verified in the present paper. 

The Wheeler theory seems to be fairly well established. However, it 
should be evident that the case at the bore of a gun tube is probably more 
complex than that produced in commercial nitriding operations. It has been 
pointed out by the authors that pressures and temperatures in the powder gases 
run very high. Also carbon, hydrogen, and oxygen are present as well as 
nitrogen. De Sveshnikoff has shown that there is a considerable carbon pickup 
and has explained the white layer on this basis. It is known that hydrogen 
diffuses through steel even more readily than carbon. It is not known what 
role, if any, is played by hydrogen in producing hardening. It is assumed to 
be an unimportant factor in the white layer as found because the structure 
seems to be unaffected by thermal treatments that would drive off hydrogen. 
However, the above is not a conclusive test. It may be in solution in the 
surface layers of the steel in actual service conditions. The possibility for this 
is the greater because, except for machine gun barrels where there is sustained 
fire, the temperature of the metal is quite low except for a layer at the inner 
surface only a few thousandths of an inch thick. The hydrogen diffuses much 
beyond this layer and, in the region where the temperature of the metal exceeds 
300 degrees Cent. (570 degrees Fahr.), would certainly be in sobution in the 
steel with consequent hardening. 

The influence of oxygen has been dismissed as not important in the white 
layer structure because it has been supposed that oxygen is effective prin- 
cipally in forming oxides that are carried out with the powder gases. It would 
thus be a factor in rapid erosion of the powder chamber, but not an important 
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contributor to the layer structure. Possibly this picture is too simple. At least 
there is need for further study of the effect of oxygen based on definite experi- 
mental evidence. 

There is the question of the effects of nitrogen. Its importance in the 
case structure is not doubted. But what compounds are formed and where are 
these located in the layer? To what extent are these or is nitrogen itself in 
solution in the iron crystals? How do these structural features affect the 
properties of the layer? These and other questions are pertinent ones that 
must be answered. 

Finally, there is an intriguing question as to whether or not the hardened 
layer should shorten service life or should it lengthen it? It has been assumed 
that spalling of this layer is an important factor in erosion. However, spalling 
occurs in a late stage of the life of the gun. In the early stages at least the 
hardened layer which extends considerably beyond the thin skin that is raised 
to high temperatures should tend to prevent erosion in the portion of the 
tube beyond the powder chamber. In the powder chamber itself, where oxida- 
tion of the steel is probably an important factor in erosion, the effect of the 
nitriding should tend to prevent oxidation. Nitrided layers are known to be 
highly resistant to oxidation at low temperatures. The presence of the nitrogen 
at elevated temperatures should be expected at least to retard oxidation. 

An extended study of the white layer is under way at Watertown under the 
direction of Dr. P. R. Kosting. It is hoped that new light will be thrown on 
some of the questions involved. Also, it is hoped that the authors will be 
encouraged to continue their researches in this interesting field. 


Oral Discussion 


O. E. Harpver:' We have had to do some work which seems to have some 
bearing on this particular problem. In the case of certain steels in the service 
for which they were used they were nitrided. The service involved rapid heat- 
ing and then cooling, the heating being up to probably 1500 degrees Fahr, at 
the surface, and I venture to say that the surface of the barrel in the firing of 
these guns is probably considerably higher than the temperature noted by the 
thermocouples. 

We found that with a given steel if the surface had been nitrided it was 
much more sensitive to heat checks than if that same steel had been heat treated 
to the same hardness and not nitrided. So our experience indicates that at 
least in some steels if there is a thin nitrided surface it is much more sensitive 
to heat checking by rapid heating and cooling than when that same steel is not 
nitrided. That seems to fit in with the picture which the authors of this paper 
presented. 

L. S. Bercen:’ It is interesting to recall some German work which ap- 
peared two years ago on the wear of gears at atmospheric temperature and in 
which the investigators concluded that the wear in that case was also nitriding. 
Whether that has any correlation with Mr. Snair’s work, I do not know, but 

1Assistant director, Battelle Memorial Institute, Columbus, Ohio. 


*Metallurgist, Crucible Steel Company of America, New York. 
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it at least indicates that nitriding is becoming more important in any considera 
tion of wear we might have, even at room temperatures. 








Authors’ Reply 





The authors are appreciative of the discussion which has been submitted in 
connection with this paper. It is quite evident that the problem has more 
ramifications than appeared to be the case in the beginning and also that other 
observed surface effects may have characteristics in common with those noted 
in the case of eroded machine gun barrels. 

Both Dr. Lester and Mr. Stefanides dwell at some length upon the pos- 
sible effects of hydrogen. This is an aspect of the problem which was not 
studied by the authors. It is easy to believe that hydrogen may have quite 
definite effects upon the mechanical properties of the metal but it would seem 
that any effects upon the microstructure would be, at least, indirect. It is the 
feeling of the authors, that, while Dr. Harder did not state under what condi- 
tions the steels to which he referred were heated and cooled, it is this factor 
which is of most importance in causing the surface cracks and in some cases 
the complete destruction of the rifling. 






















The results of the work being done at Watertown Arsenal as outlined by 
Dr. Kosting are most interesting and give promise of ultimately leading to a 
solution of the problem. The inability of previous workers to resolve the 
structure of the white laver has been the principal stumbling block. The 
existence of layers within the white layer suggests the structure which is 
observed in ordinary nitrided surfaces. It was not the purpose of the authors 
to suggest maximum or minimum temperatures which exist during firing 
cycles, but merely to ascertain whether or not a white layer could be produced 
under conditions of temperature which might reasonably exist during the firing 
of the gun. 

In connection with the statement of Mr. Bergen it is interesting to note 
that one of the authors has been advised, since the presentation of the paper, 
that a somewhat similar case of surface effect has been observed on steel 
cable which has been subjected to wear. 
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THE INFLUENCE OF MICROSTRUCTURE UPON THE 
PROCESS OF DIFFUSION IN SOLID METALS 


By FREDERICK N. RHINES AND CyRIL WELLS 


Abstract 


Studies of structural changes accompanying diffusion, 
anisotropy of diffusion, and intergranular diffusion have 
been made using previously published and new data. The 
methods used in obtaining these data have also been dis- 
cussed. 

Columnar grains form in systems involving a phase 
change. Recrystallization, grain growth, and twinning 
may be induced ina single phase by diffusion if the specific 
volume changes caused by a movement of solute are suffi- 
ciently large. 

Previous investigators have presented considerably 
more evidence of an anisotropy in non-cubic than in cubic 
metals. New evidence of an anisotropy of diffusion in 
cubic metals (copper-zinc system) is given, and it 1s shown 
that anisotropy may depend on the concentration of solute. 

Intergranular diffusion in metal systems seems to be 
faster than intragranular diffusion. Contrary to the be- 
lief of many, it has been shown that carbon does not 
diffuse faster through y iron grains than along grain 
boundaries. 


T has been recognized for some time that the rate of diffusion in 

solid metals may vary with the amount and kind of impurities, 
with the grain size, with different relative orientations of the solvent 
crystals, and with such structural changes as phase transformations, 
grain growth, recrystallization, and twinning. Nevertheless, diffusion 
coefficients for metal systems have commonly been measured without 
regard for the possible influence of structural characteristics, chiefly 
because of a lack of adequate theory concerning the nature of struc- 
tural effects and of experimental methods. As a result, the values 


A paper presented before the Twentieth Annual Convention of the Society 
held in Detroit, October 17 to 21, 1938. Of the authors, Frederick N. Rhines 
is assistant professor, department of metallurgy, and member of staff, Metals 
Research Laboratory, Carnegie Institute of Technology, Pittsburgh, and Cyril 
Wells is a member of staff, Metals Research Laboratory, Carnegie Institute of 
Technology, Pittsburgh. Manuscript received June 25, 1938. 
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obtained have often been averages of the diffusivity constants for 
undefined sets of heterogeneous conditions. 

In 1936 the literature on diffusion was reviewed and appraised 
by R. F. Mehl (1)*, who pointed out the unsatisfactory state of this 
particular branch of the subject and the need for further investiga- 
tion. Several valuable contributions have appeared in the meantime. 

It is the purpose of the present paper to present a group of new 
observations and to re-examine some of the published data with par- 
ticular regard to the experimental methods that have been employed. 
The subject matter will be grouped under three headings, namely, 
structural changes accompanying diffusion, the anisotropy of diffu- 
sion, and intergranular diffusion. 

































STRUCTURAL CHANGES ACCOMPANYING DIFFUSION 





The structural changes that occur in a binary alloy system dur- 
ing diffusion in the solid state may be divided into two classes: first, 
the columnar grain formation usually associated with the appearance 
of a new phase; and second, recrystallization, grain growth, and twin- 
ning, occurring during diffusion in the absence of any phase trans- 
formation. It is important that the alterations of the microstructure 
that appear during the period of heating or cooling between the tem 

perature of diffusion and room temperature be distinguished from 
those induced at the diffusion temperature, because the former are 
associated mainly with temperature changes, while the latter are 
associated with concentration changes alone. 

Because the structural alterations accompanying diffusion occur 
under conditions that make their continuous experimental observation 
difficult or impossible, it is impractical at the present time to evaluate 
their quantitative influence upon the rate of diffusion. It is possible, 
however, to observe by microscopic means the kinds of changes that 
take place. 

When the constitution of a binary diffusion system is such that 
the penetration of the solute material must be accompanied by the 
formation of a new phase, it is commonly observed that the crystals 
of the new phase grow continuously from their sites of origin in the 
general direction of the penetration thus forming columnar grains 
(Fig. 1). Ordinarily the individual crystals extend across the entire 
zone of the new phase, but under certain circumstances, presumably 


‘The figures appearing in parentheses refer to the bibliography appended to this paper 
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when the rate of formation of the new phase is greater than that of 
the growth of the crystals, a more or less equiaxed grain structure is 
produced. Since the subject of columnar grain growth has been 
critically reviewed in a recent paper by D. H. Rowland and C-. 
Upthegrove (2), it will be given no further consideration here. 





Fig. 1—Columnar Grains of y and of § Brass 
Formed by the Diffusion of Zinc into Copper. The 
Polycrystalline Copper was Heated for 150 Hours 
at 400 Degrees Cent. with Chips of a 65-Per Cent 
Zinc, 35-Per Cent Copper Alloy. Top Band, Copper 
and a Brass, Center Band § Brass, Bottom vy Brass. 
Etched with CrOs in HNOs. x 250. 


The occurrence of grain growth, recrystallization, and twinning 
in single phase diffusion systems has received less attention, but there 
are enough definite examples (17) to establish the existence of the 
effects. The present authors have found definite evidence of all three 
of these types of changes taking place during the diffusion of zinc in 
a-brass. Parallelopiped-shaped samples were cut from very coarse- 
grained copper in such a manner that each sample was composed of 
two copper crystals with the mutual boundary lying nearly perpen- 
dicular to four of the outside surfaces. These were fully annealed 
and etched to insure the absence of recrystallization or residual 
stresses and were then packed in 70-30 brass chips in a sealed con- 
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tainer and annealed for one week at 775 degrees Cent. (1425 degrees 
Fahr.). 

Upon examination, the cross sections of several of the samples 
exhibited a remarkable type of displacement of the grain boundary 
(Figs. 2a and 2b). The two grains seemed to have grown into each 


a 


Fig. 2a—Shows Movement of Grain Boundary (Originally Almost Straight) 
Between Two Copper Crystals Upon the Penetration of Zinc in a Direction Parallel 
to Boundary. The Copper Bicrystal was Heated with 70-30 Brass Chips for One 
Week at 775 Degrees Cent. Ammonia and Hydrogen Peroxide Etch. x 100. 

other alternately in long narrow bands. It was established by X-ray 
determinations of orientation that the two copper crystals did not lie 
in a twinned relationship. Evidently the distortion of the copper 
lattice by the penetration of zinc had been sufficient to induce grain 
growth that proceeded in steps as the zinc progressed in from the 
surface. It may be significant that this behavior has been observed 
by the authors in only these samples presenting a single grain bound- 
ary nearly parallel to the direction of the zinc penetration; yet there 
can be little doubt that this is a real case of grain boundary migration 
(grain growth) induced by diffusion. 

At the corners of several of the samples, and in some samples 
at the original grain boundary, new crystals appeared (Figs, 3a and 
3b). These small crystals were absent in the fully annealed copper 
samples prior to diffusion and may, therefore, be taken as evidence 
of recrystallization induced by diffusion. 


The same photomicrographs (Figs. 3a and 3b) show the pres- 
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ence of several annealing twins, which, because they are terminated 
by the recrystallized grain boundary, must have formed late in the 
diffusion treatment. It is possible, of course, that they were formed 
during the relatively slow cooling from the diffusion temperature. 
Another example of twin formation was found in single crystals of 
zinc into which copper had been diffused at 300 degrees Cent. (570 
degrees Fahr.) from an electroplate (Fig. 6b). The micro-section 
shown was prepared by cleaving the sample at the temperature of 
liquid air. This operation might well have caused the formation of 
twins, but since no twins were formed when undiffused pieces of the 
same copper-plated zinc crystal were cleaved by exactly the same 
method, it is at least possible that those shown were formed during 
the diffusion treatment. It is noteworthy that they extend far beyond 
the zone of the visible copper penetration. 

When a solute, capable of materially expanding or contracting 
the crystal lattice of its solvent, enters by diffusion, a state of stress 
may be established between the zone of solute penetration and the 
undisturbed solvent. Since the temperatures employed in diffusion 
experiments are well above the recrystallization temperatures of 
metals, the conditions of stress and high temperature necessary for 
grain growth and recrystallization are met. 

[It is reasonable to suppose that the tendency of a given mass of 
metal to recrystallize or undergo grain growth or twin formation, 
when stresses have been generated by diffusion in this way, will 
depend chiefly upon the geometry and intensity of the stress, the 
temperature, and the physical nature of the alloy within the concen- 
tration range concerned. The type of stress distribution may be ex 
pected to depend upon the shape of the diffusion interface, whether 
curved or flat, and thus in some cases upon the shape of the specimen, 
as well as upon the nature of the grain structure of the metal, that 1s, 
the relative orientations of adjacent crystals and the size of the 
grains. While the intensity of the stress may be related to its dis 
tribution, it should depend in the main upon the specific volume 
gradient which is derived from the concentration gradient of the 
solute and the magnitude of the effect of the solute upon the lattice 
parameter of the solvent. Thus a steep concentration gradient might 
represent a small specific volume gradient in the event that the solute 
does not greatly affect the lattice parameter of the solvent, or con- 
versely a small concentration gradient might represent a large volume 
gradient. 
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Fig. 3a—Similar to Fig. 2a Except that New Crystal Has 
Formed at Point Where Original Grain Boundary Met Surface. 
Some Grain Boundary Migration Just Above the New Crystal, 
and Two Twin Bands Across the New Crystal. Ammonia and 
Hydrogen Peroxide Etch. x 100. 

Fig. 3b—Same as Fig. 3a Except that the Etch Has Been 
Permitted to Stain the Zone of High Zinc Concentration. The 
Limit of the Dark Band Lies at a Zine Concentration of Ap- 
proximately 20 Per Cent. 
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That relatively large volume changes favor the appearance of 
recrystallization is illustrated by the fact that no microstructural 
changes were observed in samples of iron into which chromium was 
diffused below the A, temperature, where only the a phase forms 
(Fig. 8), or in samples of iron into which nickel was diffused above 
the A, temperature, where only the y phase is formed (18). An 
addition of 68 atomic per cent of chromium increases the lattice 
parameter of iron by only 0.011 Angstrém units, and 39 atomic pei 
cent of nickel expands it but 0.025 Angstrom units, while only 24 
atomic per cent of zinc increases the lattice parameter of copper by 
0.061 Angstrom units. Thus, the volume changes encountered in the 
copper-zinc system, where recrystallization was found, were much 
larger than in either the iron-chromium or the iron-nickel systems, 
where it was not found. 

For any given temperature and composition of alloy, there is 
probably a limit of stress below which no microstructural changes 
will be induced. Thus it is to be anticipated that such changes are 
most likely to occur at an early stage in the diffusion process when 
the concentration gradient is steep and to cease as the gradient be- 
comes flat. This view is supported by the structure shown in Figs. 
2a and 2b, in which the bands of grain growth are generally nar- 
rower and longer near the surface of the sample, where the gradient 
was steep at first, and in which the grain growth seems to have 
stopped altogether at a point that may be identified with a zinc con 
tent of about 15 per cent, where the gradient has become less steep. 


ANISOTROPY OF DIFFUSION 





An anisotropy in the rate of diffusion of a solute through a 
crystalline solvent will be most evident if the penetration is confined 
to a single solvent crystal, a single layer of crystals, or to a poly- 
crystalline aggregate having a preferred orientation of its crystals. 
The effects of anisotropy will be nullified by the passage of the 
solute through a series of randomly oriented crystals. Of the meth- 
ods that have been used for detecting the anisotropy of diffusion, 
most have involved the use of single crystals or single layers of 
crystals, and the advance of the solute has been observed by a wide 
variety of means, among which microscopic observation and chemical 
analysis have been common. 

Unfortunately, the observation of anisotropy is complicated by 
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the possible appearance of a number of concurrently operating phe- 
nomena, some of which are likely to give a false impression of the 
existence of anisotropy, and others may conceal a real effect. Among 
the factors likely to cause an exaggeration or simulation of anisotropy 
are the crystallographic effects upon the rate of condensation and 
absorption of the solute at the entrance surface of the solvent, the 
influence of the relative orientations existing between the crystals of 
a newly formed phase and those of the initial solvent upon the rate 
of growth of the new crystals and upon the rate of discharge of the 
solute into the undersaturated solvent, and the influence of the crystal 
orientation upon the behavior of such penetration-depth indicators 
as microscopic etching effects, the appearance of Widmanstatten pat- 
terns, and the capacity to emit electrons. A real anisotropy may be 
nullified or partially concealed under certain experimental conditions 
by the existence of a large difference between the rate of diffusion 
along grain boundaries and within the crystals, by the lateral diffu- 
sion of the solute into adjacent crystals, by recrystallization and grain 
growth in a single-phase system, by certain types of preferred orienta- 
tions, and by insensitive penetration-depth indicators. 

Because of these factors, it is advisable to exercise caution in 
accepting as evidence of anisotropy such observations as the more 
rapid advance of a solute through certain crystals of a monocrystal- 
line layer or the more rapid growth of certain columnar crystals in 
a polyphase system. Conversely, the absence of such effects should 
not be taken as proof of the absence of anisotropy; however, the 
writers choose to believe that large effects of the types mentioned are 
more likely to be the result of a true anisotropy than of any one of 
the other factors that have been listed above. 

There are a number of instances of convincing evidence of an 
anisotropy of diffusion occurring among the non-cubic metals. W. 
Seith (3), by observing the rate of disappearance of a radioactive 
isotope of bismuth into stable bismuth demonstrated that at 269 de- 
grees Cent. (515 degrees Fahr.) the rate of self diffusion of bismuth 
is approximately one million times greater perpendicular to the 
rhombohedral axis than parallel to it. At 200 degrees Cent. (390 
degrees Fahr.) the rates in the two directions are about the same. 

The rates of the diffusion of mercury into the hexagonal metals 
cadmium and zinc and of copper into zinc at 50 and 200 degrees Cent. 
(390 degrees Fahr.) were investigated by V. Bugakov and N. 

srezhueva (4), who found the velocity to be greatest in the directions 
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lying in the basal plane and least in the direction perpendicular to the 
basal plane. At 50 degrees Cent. the effect was more pronounced 
than at 200 degrees Cent. (390 degrees Fahr.). This temperature 
dependence appears to be opposite in direction to that reported by 
W. Seith, but seems reasonable in view of the X-ray evidence of a 
decrease in crystal perfection at temperatures approaching the melt- 
ing point. The experimental method consisted in observing the shape 
of the penetration zone emanating into a single crystal from a small 
point of the solute. Although there may be some reason for question- 
ing the conclusions drawn from the experiments in which mercury 
was used, because of the introduction of a liquid phase, the observa- 
tions upon the diffusion of copper into zinc appear to be fully ac 
ceptable. 

Until recently instances of an anisotropy of diffusion in cubic 
metals have been lacking. R. M. Brick and A. Phillips (5) have now 
observed an apparent difference in the rate of penetration of copper 
into adjacent randomly oriented grains of aluminum and around the 
periphery of a single crystal of aluminum. The diffusion treatments 
were conducted at temperatures between 440 and 540 degrees Cent. 
(825 and 1005 degrees Fahr.), and the samples were quenched at the 
conclusion of the heating period. In order to indicate the depth of 
penetration of the copper the specimens were allowed to over-age at 
elevated temperatures below the diffusion temperatures, whereby a 
copper-aluminum compound was precipitated within the zone of cop 
per saturation. By selecting various aging temperatures, the limit of 
precipitation was used to indicate the depth of penetration at a series 
of copper concentrations. The indications of anisotropy were found 
to be more pronounced at high than at low copper concentrations. 
These experiments may be subject to the objection that the indicator 
precipitate forms a Widmanstatten pattern, the appearance of which 
can change with the crystallographic orientation of the surface of 
observation, but the differences in the depths of penetration were so 
large that it is difficult to account for them in any way except by the 
action of anisotropy. 

A study of the anisotropy of the diffusion of zinc in a-brass has 
been made by the present authors. Three cylindrical samples were 
carefully machined from a cast single crystal of pure copper. The 
end faces of one sample lay nearly in the cube plane (100) of the 
copper crystal, those of the second in the octahedral (111) plane, 
and those of the third in the dodecahedral (110) plane. After an- 
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nealing to insure the absence of stresses which might lead to recrystal- 
lization the samples were placed with 70-30 brass chips in an evacu- 
ated and sealed silica tube and held at a temperature of 775 degrees 
Cent. (1425 degrees Fahr.) for one week. After cooling, each sample 
was mounted in a lathe and the end face turned off in layers suitable 





24 LX) ++ 
‘ (] -z to 00) face 

© - 2 fo (110) face 

A - ito(111) face 


| | 
20 aA j-——- | 


5 


Weight per cent. Zinc 
i) 


& 





O 02 OF Q6 08 10 
Distance in mm. 

Fig. 4—Curves of the Penetration of Zinc into Single Crystals 
of Copper Perpendicular to a Cube (100) Face, a_Dodecahedral 
Face (110), and an Octahedral Face (111). The Samples Were 
Heated with 70-30 Brass Chips for One Week at 775 Degrees 
Cent. 


for chemical analysis. The depth of each cut below the original out- 
side surface was measured with a surface micrometer, using as a 
reference the outside rim of the end surface that was not cut away. 
Concentration-penetration plots for the three samples are reproduced 
in Fig. 4. It is evident that at low zinc concentrations the diffusion 
has proceeded most rapidly in a direction perpendicular to the 
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dodecahedral face of the copper and least rapidly perpendicular to 
the octahedral face. At high zinc concentrations the curves are diffi- 
cult to interpret and seem to show little difference in the rates of 
penetration. 

It is noteworthy that R. M. Brick and A. Phillips found the 
directional effects to be most pronounced at high copper concentra- 
tions in the copper-aluminum system. This seems also to be true in 
the copper-zinc system. Since in both systems the diffusion coeffi- 
cient decreases as the copper concentration rises, the maximum direc- 
tional effects have occurred in both at the concentrations correspond- 
ing to the smallest values of the diffusion coefficient. 

The methods available at present for computing the diffusion 
coefficient are unfortunately not applicable to the conditions of this 
experiment, because the zinc concentration at the surface of the 
specimen seems to have varied with the time in an indeterminate 
manner. The qualitative observation of the differences in the rates 
of diffusion in the three directions are dependable, however, for the 
maximum error in the measurements cannot have exceeded + 0.025 
mm. of distance and + 0.25 per cent of zinc. The maximum possible 
error is thus only one-fifth as large as the differences shown at a 
zinc concentration of 5 per cent, thereby leaving little doubt that 
there is a real anisotropy of diffusion operating in this case. 

The same samples were next sectioned perpendicular to their 
cylindrical axes and were polished and etched to reveal the depth of 
the zinc penetration around the cylindrical surfaces (Fig. 5). Sur- 
prisingly enough systematic variations in the widths of the bands 
were not detected even by the use of a microscope and high precision 
microcomparator. Probably the explanation lies in the fact that the 
inner limit of the zinc penetration marked by the etch lies at a depth 
of, approximately 0.2 mm., at which point the penetration-depth 
curves of Fig. 4 are very close together. In any event, this observa- 
tion illustrates the uncertainty of the micrographic method for the 
detection of anisotropic effects. 

The single-phase bicrystal of Fig. 3b, which was treated by a 
similar procedure, shows no marked difference in the depth of pene- 
tration of zinc in the two crystals, but a very slight discontinuity in 
the etching limit can be detected. 

Micrographic evidence of a difference in the rate of growth of 
the columnar crystals of 8 and y brass upon a polycrystalline copper 
base has been sought in samples that were heated in the presence of 
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chips of a 65-per cent zinc, 35-per cent copper alloy (Fig. 1). 
Despite the fact that the @ and y crystals were growing throughout 
the diffusion period, it is conceivable that they might have exhibited 


is 


anisotropy. There are, in fact, some systematic deviations in the 





Fig. 5—Shows a Dark Band of a Brass Around the Cylindrical Surface of a Single 
Crystal of Copper into Which Zinc Has Been Diffused. The Sample is One of the Three 
Used in Deriving the Curves of Fig. 4. The Dodecahedral Face of the Crystal Lies in 
the Surface of Polish. Ammonia and Hydrogen Peroxide Etch. CS 


location of both the y-8 and the B-a interfaces, but these are hardly 
of sufficient magnitude to justify any conclusions. Similar experi- 
ments have been conducted by L. Guillet and V. Bernard (6), C. F. 
Hudson (7), H. Weiss (8), and C. F. Elam (9) with the same 
results. 

A peculiar type of irregular interface has been found between 
the » and € phases of zinc single crystals into which copper had been 
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diffused from an electroplate (Figs. 6a and 6b). In places the inter- 
face appears to be made up of a series of more or less regularly 
oriented crystal facets. This structure suggests the operation of 


Fig. 6a—A Single Crystal of Zinc into Which Copper Has 
Been Diffused from an Electroplate. Sample Heated for 96 
Hours at 300 Degrees Cent. Then Cooled to the Temperature 
of Liquid Air and Fractured Upon the Basal Plane. The 
Fractured Surface Unetched is Shown. x 325. 

Fig. 6b—Same as Fig. 6a but Showing Twin Bands Ex 
tending into the Zinc Single Crystal. 


some sort of anisotropy of growth of the ¢ phase, but this can be 
offered as evidence of an anisotropy of diffusion only with hesitation. 

Samples of high purity iron into which chromium, nickel, nitro- 
gen, and carbon respectively had been diffused were also examined for 


the presence of microscopic evidences of an anisotropy of diffusion. 
The phase transformations and volume changes that take place upon 
the cooling of these alloys make it difficult to ascertain the nature of 
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the structures existing at the diffusion temperature. Only in the case 
of the iron-chromium and iron-nitrogen specimens were suitable 
structures obtained (Figs. 7, 8 and 9), and these exhibited no marked 
evidence of any influence of crystal orientation upon the rate of 
diffusion. In Fig. 7, which shows the structure of an iron sample 
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Fig. 7—High Purity Iron Which was Heated in Chromium Powder in Vacuum for 
70 Hours at 1000 Degrees Cent. (Above the Ag and Below the A, Temperature) and 
Quenched. The Bottom Band was the a Phase at the Diffusion Temperature, While the 
Upper Portion was the y Phase Now Transformed to a. Nital Etch. < 100. 

Fig. 8—Same Material as that Shown in Fig. 7 but Heated with Chromium Powder 
200 Hours at 850 Degrees Cent. (Below the As Temperature) and Quenched. The Entire 


Sample Remained a Phase Throughout the Treatment. Etched with 4 Per Cent Nital. 
100. 


into which chromium was diffused above the A, temperature, the 
limit of the a-phase zone that existed at the diffusion temperature 1s 
clearly delineated by the etch. There are a few irregularities in this 
boundary corresponding to the location of the columnar a-phase 
crystals, but their magnitudes are very small indeed. The limit of the 
chromium penetration in the iron sample diffused below the A, tem- 
perature (Fig. 8) is not clearly shown by the etch and permits no 
conclusions whatever. An indication of the depth of penetration of 
nitrogen into two adjacent iron crystals is given by the location of a 
precipitate of iron nitride (Fig. 9), but the limit indicated in this 
way is again too uncertain for the detection of small differences. 
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Fig. 9—Sample of High Purity Iron into Which 
Nitrogen Has Been Diffused By Heating in Ammonia 
Atmosphere for 30 Hours at 525 Degrees Cent.; Cooled 
at a Rate of 10 Degrees Cent. Per Minute. Depth of 
the Nitrogen Penetration Shown By Limit of Pre 
cipitation of the Iron Nitride. There Are Two Iron 
Crystals Separated By a Boundary on the Right-hand 
Side of the Photograph. Picric Acid Etch. 100 


INTERGRANULAR DIFFUSION 


It seems reasonable to suppose that there should be a difference 
in the rate of diffusion along grain boundaries and through the crys- 
tals of a polycrystalline metal, for the atomic arrangement at the 
grain boundaries must be quite different from that obtaining within 
the crystals and there is ample evidence of the dependence of the 
diffusion process upon atomic arrangement. If it be accepted that 
the grain boundaries are sites of lattice distortion comparable to 
those produced within crystals by cold deformation, it may further 


eres rib eka 


pane aoe s Decne ised tail 








eptember 


ference 


e crys- 
at the 
within 
of the 
ad that 
ible to 
urther 





1939 DIFFUSION IN METALS 641 


more be predicted that the diffusion is greater along the boundaries 
than within the grains, for it has been shown to be faster in deformed 
metals. The majority of the investigations (1) have led to the con- 
clusion that the rate of intergranular diffusion is either greater or 
about the same as that of intragranular diffusion, but a few cases of 
the opposite effect have been reported. 

For the study of intergranular diffusion there are two courses of 
experimental procedure available; first, the relative rates of advance 
of a solute along a grain boundary and within the adjacent crystals 
may be compared, or second, the difference in the rates of penetration 
of a solute through materials of various grain sizes but similar in all 
other respects may be observed. 

There are, however, several factors that may interfere with the 
observation of grain boundary diffusion. The lateral diffusion be- 
tween the boundary and the adjacent crystals may cause the penetra- 
tion to be almost uniform across an advancing front, even when there 
is a rather large difference between the inter- and intragranular 
rates. This factor may practically obliterate any effects which might 
be found by the first method mentioned above, but it cannot interfere 
seriously with the sensitivity of the statistical (second) method. 

Recrystallization or grain growth accompanying diffusion may 
cause the locations of the grain boundaries to shift and thus interfere 
with the first experimental procedure, but not seriously with the 
second. 

Impurities of limited solubility are very likely to accumulate at 
grain boundaries. It is well known that the diffusion rate in a binary 
system may be greatly affected by the addition of a third substance, 
and that relatively insoluble materials may have a very pronounced 
influence. Thus impurities are likely to have a relatively larger effect 
upon intergranular diffusion than upon the overall rate. 

It is possible too that the rate of condensation and absorption of 
a solute at the entrance surface of a grain boundary may be different 
from that at a crystal surface. 

The indicator of the depth of penetration may give a false im- 
pression of the progress of intragranular diffusion, particularly when 
the appearance of a precipitate is being employed for this purpose, 
because precipitates are apt to form preferentially at the grain bound- 
aries. Etches, also, frequently behave differently in the neighborhood 
of a grain boundary. 

From these considerations it appears that the second method, 
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that of measuring the rate of diffusion in materials of different grain 
sizes, is likely to give the most trustworthy indication of the presence 
of grain boundary diffusion. Microscopic evidence of intergranular 
diffusion along a single grain boundary, whether positive or negative, 
should be admitted only with reservations. 

Perhaps the most comprehensive study of intergranular diffusion 
yet conducted is that of the case of the diffusion of thorium into 
tungsten investigated by I. Langmuir (10) and his associates, by P. 
Clausing (11), and by G. R. Fonda, A. H. Young, and A. Walker 
(12). A comparison of the rates of dispersion of thorium into single 
crystalline and polycrystalline tungsten wires showed the rate to be 
much faster in the polycrystalline material. The difference decreased 
with rising temperature, and an extrapolation of the values reported 
(Fig. 10) seems to indicate that the rates for inter- and intracrystal- 
line diffusion would become identical at an infinite temperature 
(reciprocal of the absolute temperature equal to zero). 

Similar studies conducted by J. A. M. van Liempt (13) in the 
molybdenum-tungsten system and by C. Zwikker (14) in the carbon- 
tungsten system have demonstrated enormously greater diffusion 
along grain boundaries. It is interesting that much larger differ- 
ences between the inter- and intragranular diffusion were observed 
in the systems involving the highly refractory metal tungsten than 
have been found among the lower melting metals. W. Seith and A. 
Keil (15), for example, were able to detect no influence whatever 
of the grain size upon the self diffusion of lead. 

C. F. Elam (9) reported that zinc will not diffuse into a single 
crystal of copper until it has been distorted, and G. Edmunds (1) 
failed to observe any diffusion of copper into single crystals of zinc, 
although copper diffuses rapidly into polycrystalline zinc. In the 
present work, there has been experienced no difficulty in causing the 
diffusion of zinc and copper into annealed single crystals of copper 
and zinc respectively, but it has been found that the rate is much 
slower than that of the diffusion in the polycrystalline metals. In a 
single experiment in which thin copper electroplates were permitted 
to become absorbed by a single crystal of zinc and by a piece of cast 
polycrystalline zinc at 215 degrees Cent. (420 degrees Fahr.), it was 
observed that the copper color vanished in about one-sixth of the 
time in the polycrystalline sample. Precautions were taken to insure 
a uniform initial thickness of copper on the two specimens. 

Despite the observation of a more rapid rate of diffusion in dis- 
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torted copper crystals, C. F. Elam could obtain no microscopic evi- 
dence of a more rapid penetration of zinc along grain boundaries. 
This may have been a result of recrystallization and grain growth 
during diffusion. There was no evidence of a more rapid diffusion 
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Fig. 10—Rate of Change of Diffusion Coefficient with 
Temperature for Thorium Diffusing Across a Tungsten Surface, 
Along a Grain Boundary, and Through the Body of a Tungsten 
Crystal. The Dashed Portions of the Curves Are Extrapolated 
and Appear to Meet at an Infinite Temperature. 
along grain boundaries in the samples of Figs. 2 and 3, which were 
known to have suffered grain growth. The absence of microscopic 
evidence of intergranular diffusion in systems in which it might be 
expected to be found is common. For example, C. S. Smith’s (16) 
micrographs of copper-silicon alloys, in which a band of SiO, was 
precipitated by inwardly diffusing oxygen, show no irregularity in 
the front of penetration of the oxygen. 
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There seems to be a widespread belief that in the iron-carbon 
system the carbon diffuses less rapidly in fine than in coarse-grained 
materials. D. H. Rowland and C. Upthegrove (2) in the course of a 
study of decarburization obtained results that seemed to confirm this 
view. The present authors, pursuing similar studies, have arrived 
at the conclusion that there is a very small effect in the opposite 
direction. 

The method used by D. H. Rowland and C. Upthegrove con- 
sisted in the decarburization of commercial purity steels, similar ex- 
cept for their grain size, in suitable gas atmospheres at a series of 
temperatures above and below the transformation range. After cool 
ing, the distribution of the carbon was determined from the micro 
structure and by chemical analysis. The microstructure in each case 
showed at the outside surface of the sample a band of ferrite that 
was sharply limited at its inside edge by patches of pearlite. In the 
photographs presented it may be observed that a steel having a num 
her one grain size (16 grains per square millimeter) exhibited a 
wider band of ferrite than did a steel of a number seven grain size 
(1024 grains per square millimeter), but the difference between the 
ferrite band widths accompanying a number one grain size and those 
accompanying a number six grain size (512 grains per square milli 
meter) were much less than those between a number six and a num 
ber seven grain size. Thus, it appears that there may have existed 
some factor that was exerting a more powerful influence upon the 
diffusion rate than was the grain size. 

The present work indicates that there may have been two quite 
distinct interfering factors operating in this case to mask the influ- 
ence of the grain boundaries. In the first place, it is quite possible 
that there may have been a difference in the distribution of the 
impurities in the various steels used, and in the second place, it is 
almost certain that the samples suffered a redistribution of the carbon 
during the period of cooling from the diffusion temperature. 

If the differences in the observed rates of diffusion were being 
induced by some unidentified variable such as the distribution of the 
impurities in the steel, it should be possible to avoid this difficulty by 
studying decarburization in samples taken from the same piece of 
steel and in which different grain sizes had been developed. This has 
been done, using a steel very similar in composition to one of those 
employed by D. H. Rowland and C. Upthegrove. In order to develop 
a large grain size, one sample was heated to 1125 degrees Cent. (2055 
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degrees Fahr.) for a half hour in a dry hydrogen? atmosphere, after 
which it was cooled to 925 degrees Cent. (1700 degrees Fahr.), the 
diffusion temperature. The second sample was then introduced into 
the furnace and both were held at 925 degrees Cent. (1700 degrees 
Fahr.) for 24 hours in moist hydrogen. One set of samples treated 
in this way was allowed to cool to room temperature in the furnace, 
while another was quenched. Upon examination of the slowly cooled 
samples, it was found that the ferrite bands in the coarse and fine- 
grained materials were of almost identical thicknesses. Slight irregu- 
larities in the boundaries of the ferrite zones made it difficult to 
detect visually small differences in the band widths, but by measuring 
the widths in a hundred places selected at random a set of average 
values was obtained which revealed a slightly greater width of the 
band in the fine-grained specimens. These average values were 
0.0145 inch for the coarse-grained samples and 0.0150 inch for the 
fine-grained samples. Thus, a very slightly faster rate of diffusion 
along grain boundaries than across the grains was indicated. 

As further proof of this point, similar experiments have been 
carried out using a high purity iron alloy containing 1 per cent carbon 
and 0.15 per cent aluminum oxide* (Al,O,). It was necessary to 
use an alloy with Al,O, in order to retain a fine grain size (number 
4, 128 grains per square millimeter) at the diffusion temperature. 
The large grain size (number -3 to 1, 1 to 16 grains per square 
millimeter) sample was produced by heating at 1050 degrees Cent. 
(1920 degrees Fahr.) for 1 hour in argon and then cooling to the 
diffusion temperature of 910 degrees Cent. (1670 degrees Fahr.). 
After a 2-hour treatment at 910 degrees Cent. (1670 degrees 
Fahr.) in a hydrogen-water vapor mixture, some of the samples were 
quenched and others cooled at a rate of 5 degrees Cent. per minute. 
The structures of typical slowly cooled specimens are shown in Figs. 
lla (coarse grain size) and 12a (finer grain size). There is little, 
if any, difference in the widths of the ferrite bands in these two 
cases, but the total amount of massive ferrite visible in Fig. 12a is 
greater than that in Fig. lla. At higher magnification, however, 
(Fig. llc) there was observed a considerable amount of proeutectoid 
ferrite in the pearlite of the coarse-grained steel. It may be that the 


*It is known that the rate of decarburization in dry hydrogen is much lower than in 
wet hydrogen. In fact, according to C. R. Austin (19) the amount of decarburization that 
occurs in pure dry hydrogen is negligible. 

_ _3Steels employed by G Derge, A. R. Kommel, and R. F. Mehl, Transactions, American 
society for Metals, Vol. 26, 1938, p. 153, were used for this purpose. 
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Fig. lla—Coarse-grained Iron Containing 1 Per Cent Carbon and 0.15 Per Cent 
Al,Os, Heated to 1050 Degrees Cent. for 1 Hour in Argon to Develop a Number 3 to 
1 Grain Size (1 to 16 Grains Per Square Millimeter), Cooled to 910 Degrees Cent., 
Decarburized 2 Hours in Hydrogen-Water Vapor Mixture, and Cooled to Room Tem 
panptare at a Rate of 5 Degrees Cent. Per Minute. White Band Is Ferrite and Dark 
Mainly Pearlite. Nital Etch. x 100. 


Fig. 11b—Same as Fig. lla Except that Sample was Quenched from Decarburizing 
Temperature. Shows Approximate Distribution of Carbon at Decarburizing Temperature 
and Indicates that a Marked Redistribution of Carbon Took Place During Slow Cooling, 
Fig. lla. Nital Etch. x 100. 

Fig. 1lc—A Detail of the Pearlite Zone of Fig. 1la Just Above the Ferrite Zone. 
This Shows that the Structure Which Appears to be Pearlite in Fig. lla is Actually 
Hypoeutectoid. Nital Etch. x 2000. 
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total proeutectoid ferrite present in comparable areas of the two steels 
was identical. As before, then, the difference in the diffusion rates 
has been either negligible or in the direction of a faster rate in the 
fine-grained material. Lest it be objected that some decarburization 
might have occurred during the growth of the coarse-grained struc- 
ture, it should be pointed out that this could lead only to an increase 
in the width of the ferrite band in the coarse-grained sample, whereas 
the opposite effect was observed. 

A separate experiment has been conducted to show that the 
Al,O, present in these alloys did not significantly affect the results 
obtained. Two samples, both of a number one grain size (16 grains 
per square millimeter), one containing about 1.0 per cent carbon and 
0.15 per cent Al,O, and the other about 1.0 per cent carbon with no 
Al,O, were decarburized at 910 degrees Cent. (1670 degrees Fahr. ) 
for 2 hours and cooled at a rate of 5 degrees Cent. per minute. 
Within the limits of the error of measurement under the microscope, 
the ferrite bands were of the same width in the two samples, and the 
microstructures appeared to be identical in all respects. 

The rates of diffusion in carburization and decarburization 
should be similar with respect to their dependence upon the micro- 
structure. A high purity steel containing 0.1 per cent carbon and 
0.15 per cent Al,O, was treated to produce a variety of grain sizes 
and was carburized at 920 degrees Cent. (1690 degrees Fahr.) for 
2 hours in a hydrogen-dipentene-benzene mixture. Coarse-grained 
(number -3, 1 grain per square millimeter) material was made by 
heating to 1100 degrees Cent. (2010 degrees Fahr.) for 1 hour in 
argon and then cooling to the diffusion temperature. Other samples 
heated directly to the diffusion temperature retained a number six grain 
size (512 grains per square millimeter). The relative depths of car- 
bon penetration are shown in Figs. 13, 14, 15, and 16. Although 
the carbide zone appears a little wider in the fine- than in the coarse- 
grained alloy, the difference is too small to allow the conclusion that 
diffusion has proceeded more rapidly in the fine-grained sample. A 
difference in the ease of nucleation of the ferrite in the two cases 
might cause a difference of this magnitude. 

The second factor mentioned above as having an influence upon 
the experimental observation of decarburization is the redistribution 
of carbon during the period of cooling from a temperature between 
A, and A,. That such a redistribution does take place is clearly 
demonstrated by a comparison of the decarburized samples that were 
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Fig. 12a-—Fine-grained Iron (Number 4 Grain Size, 128 Grains Per Square ; i 
Millimeter) Containing 1 Per Cent Carbon and 0.15 Per Cent Al.Os, Decarburized by 4 | 
Heating for 2 Hours at 910 Degrees Cent. in a Hydrogen-Water Vapor Mixture t 
and Cooled at a Rate of 5 Degrees Cent. Per Minute. White Phase is Ferrite, and 2 
Dark Structure Pearlite. Compare Ferrite Band with Fig. lla. Nital. X 100. — iE 
Fig. 12b—Same as Fig. 12a Except uenched from Decarburizing Temperature 4 : 
and then Tempered for 15 Minutes at 600 Degrees Cent, and Quenched Again. Shows : I 
the Distribution of the Carbon at the Decarburizing Temperature. Nital Etch. 100. ; 7 
Fig. 12c—Detail of Fig. 12b Near Outside Surface. Nital Etch. x 1500. 4 A 


Fig. 12d—Detail of Fig. 12b Near Center Showing the Higher Concentration 
of Carbon in This Region. Nital Etch. x 1500. 
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slowly cooled with those that were quenched from the diffusion tem- 
perature (Figs. lla, 11b, 12a, and 12b). When the quenched sam- 
ples were subsequently tempered, it became evident that there was 
nowhere a sudden increase in the carbon concentration corresponding 
to that occurring at the limit of the ferrite band in the slowly cooled 


Fig. 13—Coarse-grained Iron Containing 0.1 Per Cent Carbon and 0.15 Per Cent 
Al,Og Heated to 1100 Degrees Cent. for 1 Hour in Argon to Develop a Number 

3 Grain Size (1 Grain Per Square Millimeter), Cooled to 920 Degrees Cent., and 
Carburized for 2 Hours in a Hydrogen-Dipentene-Benzene Atmosphere, and Cooled 
to Room Temperature at a Rate of 5 Degrees Cent. Per Minute. Dark Band Indicates 
Approximate Depth of Carbon Penetration. Nital Etch. x 10. 

Fig. 14—Fine-grained Iron Identical with that Shown in Fig. 13 but Having a 
Number 6 Grain Size (512 Grains Per Square Millimeter), Heated Directly to 920 
Degrees Cent. and Carburized for 2 Hours Before Cooling at a Rate of 5 Degrees 
Cent. Per Minute. Nital Etch. x 10. 


samples. The details of the structure of the tempered sample of 
Fig. 12b are shown in Figs. 12c and 12d. 

Evidently the explanation of this behavior requires a mechanism 
of transformation that will induce a rapid diffusion of carbon away 
from the surface zone during the cooling period. The phase diagram 
of the iron-carbon system shows that the transformation will begin 
in the metal which is lowest in carbon, in the case of decarburization 
the surface of the samples. Since the solubility of carbon in ferrite 
is very low in the higher temperature range, some carbon may be 
rejected to the adjoining y crystals. If the cooling is sufficiently slow, 
additional quantities of ferrite will grow upon these first crystals 
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with a further rejection of carbon toward the inside of the sample. 
As the temperature of transformation approaches the A, the solubil- 
ity of carbon in the ferrite increases slightly. At the core the austen- 
ite, still containing about 1.0 per cent of carbon, will become supe: 
saturated, and a small amount of cementite will be precipitated. 


Fig. 15—Same as Fig. 13, but Taken at a Magnification of 
Fig. 16—Same as Fig. 14, but Taken at a Magnification of 


Finally at the A, temperature the balance of the y phase, now fully 
enclosed in a shell of a, transforms to a plus Fe,C in a eutectoid 
reaction. The carbon distribution that should be expected to result 
from such a mechanism is illustrated by the dotted curve of Fig. 17. 
Upon further slow cooling below the A, temperature it is probable 
that the peak in the carbon concentration at the limit of the ferrite 


band would be dispersed, and that a smooth curve showing a more 
or less abrupt rise at the limit of the ferrite band would result. 
Very rapid cooling from above the A, temperature may be expected 
to so shorten the time for diffusion that the redistribution of the 
carbon would be negligible. 

In cooling from diffusion temperatures below the A, no such 
behavior could be expected, but within the A,-A, range, where a 
band of ferrite may be formed upon the austenite base at the diffu- 
sion temperature, it seems probable that a widening of the ferrite 
zone would occur during slow cooling. The structure of a sample 
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imple. decarburized in this range and quenched is shown in Fig. 19. The 
slubil- type of carbon distribution to be expected at diffusion temperatures 
usten- above the A, and below A, is illustrated in the solid line curve of 
super- Fig. 17, while the probable form of the curve at the intermediate 
tated. temperature is given in Fig. 18. 


After cooling to room temperature 
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errite trolled to some extent by the grain size. That the grain boundaries 
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oughly established and is illustrated again by the abnormal structure 
in the pearlite zone of Fig. 19. The abnormality in this instance can 
hardly be assigned to the presence of oxygen, in view of the long 
treatment of the sample in a hydrogen atmosphere. 

Thus, the ferrite band widths observed by D. H. Rowland and 
C. Upthegrove may have been a measure of the carbon redistribution 


Carbon concentration 


Depth of depletion 


Fig. 18—Ideal Depth-Concentration Curve for a Sample 
Decarburized at a Temperature Between A, and As. 


and of the influence of the grain size upon the carbon redistribution 
rather than of the total quantity of carbon extracted during the 
decarburizing treatment. If this is true, it follows that the observa- 
tion of a greater ferrite band width in the coarse-grained steels may 
not in this case be taken as proof of a faster rate of intra- than of 
intercrystalline diffusion. 

In the course of a brief study of the diffusion of nitrogen into 
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ucture iron micrographic evidence has been obtained of a slightly faster rate 
pe can of advance along a-phase grain boundaries. Two samples of high 
» long purity iron, one having a number -3 grain size (1 grain per square 
millimeter) and the other a number five grain size (256 grains per 

d and square millimeter) were nitrided in a partially dissociated ammonia 
bution 

ce 

* 

‘ 

E 

i 

4 Fig. 19—Iron-Carbon (1.3 Per Cent Carbon) 

ES Alloy Decarburized in a Hydrogen-Water Vapor Mix- 

4 ture for’'8 Hours at 750 Degrees Cent. and Quenched. 

BS Shows the Ferrite Band Formed Upon Decarburizing 

et at a Temperature Between the A; and the As. Nital 

i Etch. x 100. 

: atmosphere for thirty hours at 525 degrees Cent. (980 degrees 

; Fahr.), at the end of which period they were slowly cooled. The 

¥ microstructures (Figs. 20 and 21) show the precipitation of the iron 

j nitride phase to a somewhat greater depth in the fine-grained alloy. 
sution ’ This observation is, of course, subject to the possible influence of 
ge the i the grain boundaries upon the nucleation of the precipitate. 

a 


serva- F Except in the case of the diffusion of copper into zinc mentioned 


3 may above, no evidence of a more rapid inter- or intragranular diffusion 
inte tlk has been found among the copper-zinc alloys, possibly because of the 

grain growth that accompanies diffusion in that system. In several 
1 into 70-30 brass samples that were subjected to dezincification in a vacuum 
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at 775 degrees Cent. (1425 degrees Fahr.), zinc was lost more rapidly 
at the intersections of the grain boundaries with the outside surfaces 
(Fig. 22a). This behavior cannot be accepted as proof of faster 
intergranular diffusion, however, because the grain boundaries were 


Fig. 20—Fine-grained a Iron (Grain Size Number 5, 256 Grains Per Square Milli 
meter) Nitrided in an Ammonia Atmosphere for 30 Hours at 525 Degrees Cent. and Cooled 
at 10 Degrees Cent. Per Minute. Compare the Depth of Occurrence of the Nitride Pre 
cipitate with that in Fig. 21. Picric Acid Etch. x 60. 

Fig. 21—-Coarse-grained a Iron (Grain Size Number 3, 1 Grain Per Square Milli 
meter) Nitrided in the Same Manner as the Sample of Fig. 20. Picric Acid Etch. < 60. 


found to have opened into cracks (Fig. 22b) through which the zinc 
vapor could readily escape. It is well known that evaporation takes 


place more rapidly at grain boundaries even in pure metals, and this 


effect together with the large volume shrinkage that accompanies the 
loss of zinc from brass could account for this behavior as well as 


could intergranular diffusion. 
SUM MARY 


1. The changes in microstructure accompanying diffusion have 
been discussed. Columnar grain formation occurs in systems in- 
volving a phase change. Recrystallization, grain growth, and twin- 
ning have been found in the copper-zinc system, but not in single- 
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rapidly phase alloys of chromium and nitrogen with iron. It is concluded 
irfaces that recrystallization, grain growth, and twinning may be induced by 
faster diffusion, chiefly when relatively large specific volume changes are 
S$ were caused by the movement of the solute, that is, when the lattice 
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metals and one case of anisotropy in a cubic metal system. The, 
have demonstrated also that the effect is temperature-sensitive and is 
dependent upon the concentration of the solute. The factors that 
may interfere with the observation of anisotropy have been discussed. 
New evidence for an anisotropy of diffusion in the copper-zinc sys- 
tem has been presented, in which system a marked dependence of the 
anisotropy upon the concentration of the solute was found. It has 
been pointed out that the largest anisotropic effects occur at the solute 
concentrations corresponding to the slowest rates of diffusion in the 
two cubic alloy systems in which directional effects have been 
observed. 

3. In the metal systems in which the relative rates of intra- 
and intergranular diffusion have been previously studied, it has 
usually been found that intergranular diffusion is faster. In the 
tungsten-thorium alloys, the degree of intergranular diffusion varies 
with the temperature. The means available for studying inter- 
granular diffusion have been discussed, and it is concluded that the 
methods involving a comparison of the rates of diffusion in coarse- 
and fine-grained metals are most to be trusted. Other investigators 
have concluded that, contrary to the behavior in other systems, the 
intergranular diffusion of carbon in iron is slower than the intra- 
granular diffusion. The present investigation of the rates of the 
carburization and decarburization of iron and steel has shown a very 
slightly higher rate of intergranular diffusion. The disagreement 
between this and previous observations may have been caused by a 
dissimilar distribution of the impurities in the alloys of the previous 
investigations and by a redistribution of the carbon upon cooling from 
the diffusion temperature. New evidence of a possible faster rate 
of intergranular diffusion of nitrogen in iron and of copper in zinc 
has been presented. 


ACKNOWLEDGMENTS 


The authors take pleasure in expressing their indebtedness to 
Dr. R. F. Miller for supplying the zinc single crystals, to Messrs. 
John G. Sullivan and Alfred Puglielli for contributing the results 
of their senior thesis researches, and to the members of the Metals 
Research Laboratory for their suggestions and assistance. 


eet 


ed 





~ 


~s 


sn 


e 








tember 


The, 
ind is 
; that 
issed. 
> SYS- 
yf the 
t has 
solute 
n the 
been 


intra- 

has 
1 the 
varies 
nter- 
it the 
arse- 
ators 
;, the 
ntra- 
f the 
very 
ment 
by a 
vious 
from 
rate 
zinc 


ss to 
-Ssrs. 
‘sults 


etals 





Soe Oy eo Bag 


aaa 


il ath a oe ea 


1939 


sn 


19. 


W. 


W. 


. Zwikker, “Diffusion of Carbon through Tungsten, 


DISCUSSION—DIFFUSION IN METALS 657 


References 


. F. Mehl, “Diffusion in Solid Metals,” Transactions, American Institute 


of Mining and Metallurgical Engineers, Vol. 122, Institute of Metals 
Division, 1936, p. 11. 


. H. Rowland and C. Upthegrove, “Grain Size and its Influence on Sur- 


face Decarburization of Steel,’ Transactions, American Society for 
Metals, Vol. 24, 1936, p. 96. 

Seith, “Dependence of Electrolytic Conductivity and Self Diffusion in 
Crystals upon Crystallographic Direction,” Zeitschrift Electrochemie, 
Vol. 39, 1933, p. 538. 


. Bugakev and N. Brezhueva, “Relation of Diffusion Velocity to Crystal- 


lographic Orientation in Metals,” Technical Physics of the U.S.S-.R., 
Vol. 2, 1935, pp. 435-443. 


. M. Brick and A. Phillips, “Diffusion of Copper and Magnesium into 


Aluminum,” Transactions, American Institute of Mining and Metal- 
lurgical Engineers, Vol. 124, Institute of Metals Division, p. 331. 


. Guillet and V. Bernard, “Les Reserves en Cementation et la Diffusion 


dans les Solides,” Revue de Metallurgie Memoirs, Vol. 11, 1914, p. 752. 


. F. Hudson, “The Critical Point at 460 Degrees Cent. in Zinc-Copper 


Alloys,” Journal, Institute of Metals, Vol. 12, 1914, p. 89. 


. Weiss, “Diffusion of Copper and Zinc,” Comptes Rendus, Vol. 171, 


1920, p. 108. 


’. F. Elam, “The Diffusion of Zinc in Copper Crystals,” Journal, Institute 


of Metals, Vol. 43, 1930, p. 217. 


. Langmuir, “Thorated Tungsten Filaments,” Journal, Franklin Institute, 


Vol. 217, 1934, p. 543. 


. Clausing, “On the Diffusion of Thorium through Tungsten,” Physica, 


Vol. 7, 1927, p. 193-198. 


; R. Fonda, A. H. Young, and A. Walker, “The Diffusion of Thorium 


in Tungsten,” Physics, Vol. 4, 1933, p. 1-6. 

A. M. van Liempt, “The Diffusion of Molybdenum into Tungsten,” 
Recueil des Travaux Chimiques des Pays-Bas, Vol. 51, 1932, p. 114. 

” Physica, Vol. 7, 
1927, p. 189-193. 


’. Seith and A. Keil, “Self Diffusion in Solid Lead, II,” Zeitschrift fiir 


Metallkunde, Vol. 25, 1933, p. 104-106. 


>. S. Smith, “Copper Embrittlement,”’ Mining and Metallurgy, Vol. 13, 


1932, p. 481-483. 


*. N. Rhines and R. F. Mehl, “Rates of Diffusion in the Alpha Solid 


Solutions of Copper,” Metals Technology, American Institute of Min- 
ing and Metallurgical Engineers, Tech. Pub. No. 883, January 1938. 

D. Jones, “The Influence of Diffusing Elements Upon the a-y Inversion 
of Iron,” Journal, Iron and Steel Institute (London), Vol. 130, 1934, 
p. 429. 


>. R. Austin, “Effect of Water Vapor on the Surface Decarburization of 


Steel by Hydrogen,” TrRANsactTions, American Society for Metals, Vol. 
22, 1934, p. 31. 


DISCUSSION 


Written Discussion: By E. P. Polushkin, consulting metallurgical 
engineer, New York City. 
The authors have contributed new valuable data to our scant knowledge 
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has not been systematically investigated, and the present paper would un- 
doubtedly stimulate interest in it. 

The authors do not give an exact definition of the term “anisotropy of 
diffusion”, but from the paper it is evident that they use it in a much broader 
sense than it is customarily used in crystallography. For example, in the 
description of their experiment with a piece of copper placed in brass chips, 
anisotropy of diffusion is interpreted as a difference in the rates of diffusion 
along different directions (or planes) in a single crystal, that is, in a true 
crystallographic sense. On the other hand, when the authors describe inter- 
granular diffusion, they define this term as “difference in the rate of diffusion 
along grain boundaries and through the crystals of a polycrystalline metal” 
(page 640). There is no objection to the use of the term in a broad sense, but 
the latter definition does not imply any possibility of measuring the rates of 
diffusion, since the advance of a solute through the crystal of a solvent may go 
in many complicated ways. To substantiate this statement I shall refer to 
diffusion of corrosive liquids in metals. I had many occasions to examine 
corroded metals under the microscope, and, in my opinion, the dependence of 
diffusion upon the microstructure may be traced in these metals very well 
In ancient copper and bronze which had been buried in the ground for long 
periods of time one can observe the processes of diffusion and corrosion 
operating concurrently, and the path of diffusion is well seen, for it is marked 
by deposition of the corrosion products. Of course, diffusion in those ancient 
objects was acting very slow and at ordinary soil temperatures, and for this 
reason the results may be different from those usually found in the laboratory 
specimens, but the essential features of the process of diffusion must be the 
same. The photomicrographs accompanying this discussion show different types 
of intragranular diffusion in corroded metals. 

Fig. 1 shows an ancient bronze in which delta constituent has black color. 
The change from its normal white color to black was caused by penetration of 
a corrosive liquid through this constituent. Neither eutectoid nor proeutectoid 
alpha had been affected in any way, so that the structure remains otherwise 
unaltered. We see that in this case diffusion preceded the corrosion. 

Fig. 2 shows a common type of corrosion in modern and ancient metals. 
Diffusion of a corrosive liquid had followed grain boundaries as well as 
cleavage planes within the grains. In other specimens, however, the cleavage 
planes resisted penetration of corrosion, and the mineralization of the metal was 
proceeding entirely from the grain boundaries. 

In Fig. 3 is still another variation of intragranular diffusion. A corrosive 
agent was diffusing from grain boundaries into the body of grains in all direc- 
tions at the same rate. As a result of this uniform penetration, the products 
of corrosion were deposited in concentric lines parallel to the boundary. A 
series of these lines are seen in each grain, while in the center of grains a 
small portion of the original metal can be found. These lines probably indicate 
a certain concentration of the corrosive liquid at which its reaction with the 
metal occurred. 

Fig. 4 shows an irregular advance of diffusion through the grains, as in- 
dicated by the broken front line of the corrosion products. This is again a 
common case in old and modern metals. 
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Fig. 1—Ancient Bronze. ¥ 1000. Fig. 3—Etruscan Bronze. X 1000. 
Fig. 2—Ancient Bronze. x 1000. Fig. 4—Etruscan Bronze. X 20600. 


The underlying cause of these variations is in the presence of impurities, 
in their specific nature and different distribution within the crystals. When 
we bear in mind all these variations, it seems very difficult to compare quantita- 
tively the rates of diffusion along the boundaries and through the body of grains. 

Written Discussion: By Floyd C. Kelley, Research Laboratory, Gen- 
eral Electric Co., Schenectady, N. Y. 

Diffusion of metals in the solid state has been of interest to the metallurgist 
since it was first observed. The structures resulting from diffusion as well as 
those influences which affect it have stirred the imaginations of many individ- 
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uals and aroused them to the point of investigation of this most fascinating 
phenomenon. Researchers in this field have contributed much to our knowledge. 
but there have been many conflicting ideas as to the mechanism and results of 
diffusion. In spite of the great advances made in the metallurgical field during 
the last quarter of a century this subject still remains a virgin field for 
investigation. 

The complexity of the subject taxes not only our knowledge and imagina- 
tion, but also our technique and for this reason we should take care to confine 
our investigations to the simplest forms to insure a firm foundation upon 
which to build. 

The most outstanding contribution found in this paper is, to me, the ob- 
servation of the great mobility of carbon in solid iron between the temperatures 
A, and A;. The explanation by the authors accounting for the rejection of the 
carbon from the impoverished outer shell towards the carbon-rich core seems 
perfectly logical, and to my knowledge it is the first time that such an observa- 
tion has been made. The authors are to be commended for bringing their 
observation as well as their interpretation to our attention at this convention. 

Probably this observation has not been made before because one occupied 
with the heat treatment of steels would not normally quench a one per cent 
carbon steel from 910 degrees Cent. but rather from about 765 degrees Cent. 

In the heat treatment of high carbon steels decarburization comparable 
with that revealed in this paper is probably rarely experienced, and when it is, 
the zone occupied by ferrite, as shown in this paper, is usually filled with iron 
oxide. One would not expect the diffusion of carbon to take place from a low 
carbon area to a higher carbon area. 


“ 


The work of Rowland and Upthegrove on “Grain Size and Its Influence on 
Surface Decarburization of Steel” shows quite conclusively that the rate of 
diffusion of carbon is greater in coarse-grained steel than in fine-grained steel. 
The authors of this paper have shown that the opposite is the case, but I be- 
lieve from the tone of their paper that they would not be too sure about it 
when their final judgment rests on the accuracy of many measurements and 
the difference between the measurements of the resulting ferrite zones amounts 
to only 0.0005 inch. 

The experiments cannot be called duplicates for the data are obtained by 
using different diffusion times and temperatures, different steels, and different 
cooling rates. 

When the photomicrographs of the quenched samples in these two papers 
are compared we find a marked difference. The quenching temperature used 
by Rowland and Upthegrove was 1410 degrees Fahr. while that used by the 
present authors was 1670 degrees Fahr. The steels used were of approximately 
the same carbon content but they were quenched from different temperatures. 

The resulting photomicrographs in both papers probably give a true picture 
of the results to be obtained when treated as described. 

If we assume that steel No. 9, Fig. 30 in the paper by Rowland and 
Upthegrove, and the steel represented in Fig. 11b in this paper are the same 
then we must conclude that the greater part of the carbon redistribution takes 
place between 1670 and 1410 degrees Fahr. The sample quenched from 1410 
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degrees Fahr. shows columnar ferrite while the sample quenched from 1670 
degrees Fahr. reveals that the carbon is held in solution by the quench out to 
the very edge of the sample. If samples should be quenched at small tempera- 
ture intervals from 1670 to 1410 degrees Fahr. one might expect to get a 
picture of the progress of this redistribution of carbon. 

It would seem from their experiments that decarburization took place by 
carbon diffusing to’ the surface where it combined with oxygen and hydrogen. 
| wonder what the picture would have been if the sample had been decarburized 
for 50 hours instead of two before quenching. 

The observation of an unexpected result serves best for tempering our 
judgment and for increasing our knowledge. 

I wish to congratulate the authors on this very fine piece of work. 


Oral Discussion 


CLarr UprHecrove:* Messrs. Rhines and Wells are certainly to be com- 
plimented on their excellent paper on diffusion in metals. In discussing the 
paper I shall confine myself largely to that part dealing with intergranular 
diffusion, and with particular reference to the work of Rowland and Upthegrove 
on decarburization of steel. 

In the work by Rowland and Upthegrove it was found that fine- and coarse- 
grained steels of substantially identical compositions do not decarburize alike 
and that under the same conditions the coarse-grained steels undergo the 
greater loss of carbon. The statement that the coarse-grained steels undergo 
the greater loss of carbon is of particular importance and though the statement 
as given above is quoted directly from the conclusions of the paper by Rowland 
and myself, it seems to have been missed at least partly by Rhines and Wells 
in the interpretation of the results. 

On page 652 of their paper, they state that the ferrite bands observed by 
Rowland and Upthegrove may have been a measure of the carbon redistribution 
rather than of the total quantity of carbon extracted during the decarburizing 
treatment. 

Reference to our paper will show that the width of the ferrite band was 
not used as the measure of the total carbon extracted or removed. The total 
carbon removed was obtained in each case by plotting the results of chemical 
analyses of cuts made at different depths, and taking the areas under the curves. 

For comparative purposes, these values were expressed as carbon removed 
per unit of carbon originally present in the steel and formed the basis for the 
conclusions as previously stated and not, I believe, as interpreted by Rhines 
and Wells. 

Further confirmation of the fact that in decarburization of fine- and coarse- 
grained steels of substantially identical composition the coarse-grained steels 
lose carbon to the greater extent or more rapidly than the fine-grained steels 
is shown in the results of tests recently made at 1600 degrees Fahr. in moist 
hydrogen, using samples 1s x 4% x4 inches long of two steels, one fine-grained 
and the other coarse-grained, the fine-grained having a carbon content of 0.99 


1Professor of metallurgical engineering, University of Michigan, Ann Arbor, Mich. 
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per cent, manganese 0.40 per cent, the coarse-grained having a carbon content 
of 0.96 per cent, manganese 0.42 per cent. 

The coarse-grained steels carrying 0.96 per cent carbon were complet ‘ly 
decarburized at the end of 200 hours, while the fine-grained steels carrying 
0.99 per cent carbon showed at the end of 200 hours a ferrite band of 0.0375 
inch on each side and a band approximately 0.11 inch carrying carbon. 

I believe this answers very definitely the question with regard to whether 
or not in the conclusions drawn by Rowland and Upthegrove we were dealing 
with the total amount of carbon removed, and shows that in this case the car- 
bon in the coarse-grained steel was removed in a much shorter period than in 
the fine-grained steel. 

The authors in referring to a possible carbon redistribution during the 
cooling through the A;-A;: range suggest a mechanism which will require a 
rapid diffusion of carbon away from the surface zone during the cooling period. 

While the speaker is not ready to accept the proposed mechanism, we may, 
for the purpose of discussion, assume it to be workable. If the variations in 
the width of the ferrite bands of fine, and coarse-grained steels are then to he 
explained on this basis, that is diffusion away from a surface zone, must not 
the wider ferrite bands in the coarse-grained steels then be taken as evidence 
that the diffusion is more rapid in the coarse-grained steels than in the fine 
grained steels? 

Using a fine-grained steel of 0.76 per cent carbon, the authors have carried 
out a decarburization test at 1700 degrees Fahr. on samples of this steel in 
the fine-grained condition and also as coarsened after heating at 2050 degrees 
Fahr. The latter treatment produces a 1 to 3 grain size. 

The results of these decarburization tests showed a ferrite band of 0.015 
for the steel in the fine-grained condition as against 0.0145 inch in the coarse- 
grained condition or a variation of 0.0005. 

Using a piece of the same steel the speaker coarsened one sample by again 
heating at 2050 degrees Fahr. and cooling to room temperature. This particular 
piece of steel was then checked as to the depth of decarburization and a #s-inch 
layer removed from the round, which clearly took it well below any possible 
effect from the heating to the high temperature as regards decarburization. 

This steel, with a sample of the same size as the steel in the fine-grained 
condition, was decarburized for 50 hours in moist hydrogen at 1310 degrees 
Fahr. This temperature was used for two reasons: first, that it eliminated 
the question of any possibility of carbon redistribution in cooling; second is 
that I delayed this somewhat and did not get around to find out just how Dr. 
Wells and Dr. Rhines brought about the entrance of their second specimen 
into the furnace with the first one after they had cooled from 2025 degrees Fahr. 

Measurement of the ferrite bands showed a width of 0.0195 inch for the 
steel as coarsened as compared to 0.0175 inch for the fine-grained condition. 

While a ready explanation for the differences shown here between our 
results and the results obtained by Dr. Wells and Dr. Rhines is not at hand, 
it appears reasonable that the method followed by the speaker was probably 
less subject to error than the method used by the authors. 

Dr. Rhines and Dr. Wells have also made reference to the diffusion of 
copper in the zinc and in copper-zinc alloys with regard to the intragranular 
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and intergranular rates, and I believe I am correct in stating that with one 
exception they did not find any difference for the rates of diffusion, stating that 
possibly this was due to the fact that such processes in the copper-zinc alloys 
were usually accompanied by grain growth. 

[ should perhaps point out in connection with a possible redistribution of 
carbon during the cooling from the A; to A,, that Rhines and Wells are basing 
their results on diffusion tests carried out above the A; of pure iron. 

In the work of Rowland and Upthegrove most of the determinations were 
made at temperatures below the A; point, and consequently there was a phase 
change, gamma to alpha, readily possible during the decarburization. 

Quenching experiments carried out on samples in the process of decar- 
burization in this temperature range of the A; to the A, invariably showed the 
presence of ferrite bands. 

I do not feel that the work of Dr. Rhines and Dr. Wells has presented 
sufficient evidence to justify the conclusion, particularly in the case of carbon 
steels, that the intergranular diffusion will always be the more rapid. 


Authors’ Reply 


In view of the large number of self-consistent observations presented by 
Rowland and Upthegrove, the present authors are convinced that the observa- 
tions and conclusions of these investigators are correct with respect to the 
commercial steels and the conditions of experiment employed. The present 
authors are likewise confident that. their own, equally consistent, observations 
and conclusions concerning the effect of the grain size upon the diffusion of 
carbon in gamma iron are correct for high purity alloys treated at temperatures 
above the As. The cause of the apparent conflict in results probably lies in the 
composition of the steels studied and in the experimental conditions. 

The presence of various impurities in the commercial steels used by 
Rowland and Upthegrove was mentioned in the paper as a possible cause of 
the difference in results, it being suggested that the kind and distribution of 
the impurities might account for the effects ascribed to the grain size. In this 
connection it is altogether possible that certain of the impurities tend to accumu- 
late at the grain boundaries in such a manner as to delay the passage of carbon 
through those regions. It is well known both that third elements do have a 
pronounced influence upon the diffusion rate and that certain elements, notably 
those that form carbides, have a tendency to separate at the grain boundaries. 
Such an effect might very well prevent extensive grain boundary diffusion and 
produce the effects observed by Rowland and Upthegrove. 

All of the experiments in the present paper dealing with intergranular 
diffusion were conducted with single phase alloys. This condition was chosen 
deliberately in order to avoid the complications which might arise from the 
occurrence of transformations during the diffusion tests. On the other hand, 
the experiments of Rowland and Upthegrove were carried out mainly at tem- 
peratures between A, and As; where the diffusion process is accompanied by a 
progressive transformation of gamma to alpha. They have thus introduced 
a number of factors which may or may not have influenced the final result. 
There is, first of all, a zone of transformation where alpha crystals are grow- 
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ing at the expense of gamma. The effect of grain size upon such a transforma- 
tion is still too poorly understood to justify any extensive discussion of this 
point, but the fact that, during single phase recrystallization, large crystals 
grow at the expense of small crystals suggests that large alpha grains might 
grow more rapidly into gamma and thus provide an impetus to the diffusion 
process. Moreover, these experiments involve the diffusion of carbon through 
continuously growing alpha grains and through two phases where the rates of 
diffusion are undoubtedly different. Although the data at hand provide no 
means of positively identifying the influence of any of these variables in the 
observations of Rowland and Upthegrove, it remains possible that their influ- 
ence was important. 

Thus the present authors adhere to their opinion that the rate of the 
intergranular diffusion of carbon in gamma iron is either the same or slightly 
greater than the rate of intragranular diffusion. The observation of a contrary 
effect is probably to be ascribed to the influence of impurities or to the occur- 
rence of a transformation or both. 

There remain to be discussed several specific points raised by Professor 
Upthegrove. The point concerning the conclusions of Rowland and Upthegrove 
being based upon the total loss of carbon and not upon the microstructures is 
well taken, for a redistribution of the carbon could scarcely affect the total 
carbon loss. A re-examination of their analytical data of Table III shows 
that not only is the effect in the same direction as that indicated by the photo- 
micrographs, but it is quantitatively similar. Assuming the analytical error 
in their work to be near the usual 0.005 per cent carbon, it appears that there 
is no certain difference in the carbon loss between the steels of number 1 and 
number 6 grain sizes (steels 1 and 2 treated at 1450 degrees Fahr.) and that 
there is a very definite difference between the rate of carbon loss from these 
two and the steel of a number 7 grain size (steel number 3). The contention 
of the present authors that the results of Rowland and Upthegrove indicate the 
operation of some factor other than grain size upon the diffusion rates in their 
steels, therefore, remains valid. It does appear, however, that the influence of 
the redistribution of the carbon upon their micrographic observations has been 
negligible, possibly because this effect was held constant by always using the 
same cooling rate. 

In the light of the above, the influence of the carbon redistribution upon 
the ferrite band width seems less significant, yet there can be no doubt that the 
band width is materially changed during slow cooling from the diffusion tem- 
perature. Professor Upthegrove suggests that the extent of the carbon redis- 
tribution may be controlled by the grain size through its influence upon the 
diffusion rate, and where intergranular diffusion is slow a large-grained mate- 
rial would suffer more back-diffusion of carbon. That seems reasonable. It is 
the feeling of the present authors, however, that the widening of the ferrite 
band is more likely to be limited in fine-grained steels by the appearance of 
zones of ferrite separating ahead of the growing band and so enclosmg the zones 
of high-carbon austenite that further back-diffusion is difficult. The super- 
cooling of coarse-grained steels is generally much easier than that of fine- 
grained steels, because the nuclei necessary to the transformation appear prin- 
cipally at the grain boundaries. Thus the mechantsms proposed by Professor 
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Upthegrove and the authors would reinforce each other if grain boundary 
diffusion is less rapid than transcrystalline diffusion and tend to cancel if the 
reverse is true. On the other hand, the effect of the grain size upon the back- 
diffusion may be almost negligible because of the steep gradients involved. 

The authors are tempted to believe with Professor Upthegrove that the 
evidence of the very beautiful micrographs in the paper by Kirkendall, Tomas- 
sen, and Upthegrove is in favor of the existence of less rapid grain boundary 
diffusion. This is another instance of the observation of diffusion at an inter- 
face of phase transformation, however, and for reasons cited in the paper the 
authors distrust micrographic evidence of this sort. Such an effect as that 
observed could be produced by anything which could delay the transformation 
at a grain boundary, as, for example, the more rapid arrival of an interfering 
impurity or the interference of the adjacent 4 grain where the rate of growth 
might be decelerated by the less ordered state of the lattice at the grain interface. 

Mr. Polushkin has objected to our use of the word “anisotropy” in a non- 
crystallographic sense. Any departure from the use of this word in its strictest 
meaning was unintentional. 

The photomicrographs presented by Mr. Polushkin are extremely inter- 
esting. They illustrate several cases not mentioned in the present paper, and 
the authors wish to thank Mr. Polushkin for permitting their publication here. 
The case of the preferential penetration of a solute through one of two coexist- 
ing phases suggests a whole new field of study, and the penetration along slip 
lines in bronze provides excellent confirmation of the belief that the diffusion 
rate is high in regions of concentrated stress. In the interpretation of structures 
resulting from corrosive action care should be exercised to distinguish between 
cases where the metal remains sound and dense and those where it is ruptured 
by the corrosion products or mechanism. 

Mr. Kelley’s comments have been answered for the most part in connec- 
tion with the reply to Professor Upthegrove’s discussion. One point requires 
further explanation. The photomicrographs of Rowland and Upthegrove, Fig. 
30, and the present paper, Fig. 11b, are not comparable because the former was 
diffused below the A; temperature where a ferrite band must have formed dur- 
ing the diffusion process, and the latter was diffused at a temperature above 
the A; where no ferrite could form. Thus the band width of the sample of 
Rowland and Upthegrove is made up of two parts, the ferrite formed during 
diffusion and the additional ferrite formed during cooling, while the band shown 
in Fig. 11b was formed entirely during the cooling period. 

The authors wish to thank Mr. Kelley, Mr. Polushkin, and Professor 
Upthegrove for their interest and their stimulating discussions. 














COLOR CARBON AND AGING 
By Cart L. SHAPIRO 


Abstract 


Part I of this paper discusses the effect of thermal 
and mechanical treatment upon the size of the iron carbide 
particles by means of the color carbon test which is a 
colorimetric method of determining the relative size of 
the iron carbide particles. It presents a brief historical 
deve lopment of color carbon and then proves that “miss- 
ing’ " and “excess” carbon are due to the variation in the 
size of the tron carbide particles. 

The effects of aging upon the iron carbide particle 
size are also studied by the color carbon test which shows 
that aging after thermal or mechanical treatment results 
in an increase of coloration or carbide particle size. These 
findings indicate that aging in carbon steels should be 
attributed to carbon (carbide) and is a precipitation and 
agglomeration process. Furthermore, the color carbon 
test shows that the aging characteristics of a steel are 1n- 
fluenced by its structural composition and the degree of 
mechanical deformation. 

Part II describes the aging of the various aggregates 

formed in steel and presents the cause of aging in these 
aggregates after defining the different types of aggregates 
and aging. It reveals that the aging characteristics of the 
aggregates vary and that aging in generar is controlled by: 
(1) the amount of retained austenite, (2) the amount of 
carbon dissolved in alpha iron, (3) the size of the iron- 
carbide particles, (4) time and temperature of tempering 
and (35) the degree of mechanical deformation remaining 
within or conferred upon the steel after the final heat 
treatment. 

Part II also shows that martensite is structurally of 
two types, (1) the acicular and (2) the spheroidal. It 
further reveals that aging converts the acicular type of 
carbide structure to the spheroidal form. 

A paper presented before the Twentieth Annual Convention of the Society 
held in Detroit, October 17 to 21, 1938. This paper was condensed in part 
(Part 1) from a thesis “The Effect of Heat Treatment, Aging and Working 
upon the Condition of Carbon in Steel” submitted to the Harvard Engineering 
School, Harvard University, in partial fulfillthent of the requirements for the 
degree of Doctor of Science in Physical Metallurgy, Cambridge, Mass., Decem- 
ber 1933, and from the Carnegie Scholarship Memoirs, Iron and Steel Institute, 


1936. The author, Carl L. Shapiro, a member of the Society, is a consulting 
engineer in Syracuse, N. Y. Manuscript received June 25, 1938. 
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Finally, the effects of thermal and mechanical treat- 
ment upon the nitrogen content of various chromium and 
nitrided steels were studied. The results show “excess” 
and “missing” nitrogen in hardened and tempered steels 
respectively. The cause of this variation in nitrogen con- 
tent is explained on the basis of particle size as in color 
carbon. 

The report concludes with the statement that many of 
the volumetric tests (colorimetric or titration) are only 
relative since they are influenced by the size of the dis- 
solving particles and, consequently, create marked varia- 
tions in the calculated percentages of the element present 
in the matertal. 


Part | 
Color Carbon 


A’ the turn of the twentieth century, the entire metallurgical 
world was deeply concerned with the subject of “color carbon” 
and especially “missing carbon.” The importance of this subject may 
be gathered by presenting some of the metallurgists who wrote and 
contributed much research and discussion upon this subject in the 
volumes of the American Institute of Mining and Metallurgical En- 
gineers, The Iron and Steel Institute of England and, especially, in 
the Metallographist. Some of the more outstanding metallurgists were 
Sir Roberts-Austen, Arnold, Campbell, Le Chatelier, Eggertz, Heyn, 
Hogg, Howe, Baron Juptner von Jonstoroff, Mathews, Osmond, 
Parker, Rosenbloom, Sauveur, Stead, and Werth. 

These investigators showed that when iron or steel containing 
from 0.10 to 6.50 per cent carbon was quenched from above the 
thermal critical range in water and tested for combined carbon by the 
i ggertz colorimetric test, approximately fifty per cent of the carbon 
was missing. This carbon, which could not be determined volumet- 
rically, was called “missing carbon.” 

Many theories were presented to account for missing carbon. 
The two which were ardently supported by the leading metallurgists 
of the day were (a) that missing carbon was volatilized as a hydro- 
carbon gas during the dissolving of the carbide particles in the diluted 
nitric acid during heating, and (b) that missing carbon did not exist 
as normal iron carbide of the empirical formula (Fe,C)x. 

These two theories were believed for thirty years until Whiteley 
showed that the percentage of carbon evolved as a hydrocarbon gas 
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during heating was the same in both the annealed and quenched con- 
dition. Moreover, Whiteley showed that when the hardened steel, 
which contained approximately fifty per cent missing carbon, was 
tempered by small temperature intervals below the thermal critical 
range, the amount of missing carbon gradually diminished and then 
showed an excess of carbon. This surplus of carbon he termed 
“excess carbon.” 

Inasmuch as this question of missing and excess carbon was 
never satisfactorily answered, it was suggested in 1930 by Professor 
Albert Sauveur that the writer determine the cause of missing and 
excess carbon. This investigation was concluded six years later with 


the aid of a Carnegie Research Grant of the Iron and Steel Institute 
of England.’ 


PROCEDURE 


A perusal of the literature showed that the Eggertz colorimetric 
test for combined carbon had many modifications since its origination 
in 1862. Essentially, at present, it consists of dissolving a standard 
weighed sample in a test tube containing a definite volume of cold 
diluted nitric acid (1.2 specific gravity). As soon as the ferrite of the 
steel is dissolved, the test tube containing the acid solution and carbide 
precipitates is heated in either a water or glycerine-water bath 
until the carbide particles are dissolved, cooled rapidly in running 
water, and compared volumetrically against a standard by any of the 
following methods: (a) Eggertz colorimetric comparison tubes, (b) 
mirror colorimeters, or (c) photo-electrically. 

Since Parker? and Hogg*® showed that the standard should be of 
the same chemical composition as the unknown, the standard used 
throughout this investigation was the annealed condition of the steel 
instead of permanent colored solutions such as FeCl,, CoCl,, CuCl,, 
etc., in hydrochloric acid as is commonly used. The volumetric com- 
parison between the standard and unknown was made by method (a) 
which consists of diluting the acid solution of the unknown to the 
intensity of the standard in Eggertz colorimetric comparison tubes of 
equal bore and thickness. The volume of dilution is converted into 
per cent carbon by multiplying the volume reading by a constant (per 


1Shapiro, C. L., Carnegie Scholarship Memoirs, Iron and Steel Institute, 1936, Vol. 25, 
p. 141. 


2Parker, J. S., Chemical News, 1880, Vol. 42, p. 80. 
SHogg, T. W., Journal, Iron and Steel Institute, 1896, No. II, p. 179. 
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cent carbon per cubic centimeter). This constant is obtained by 
dissolving the annealed steel (standard) in an equal volume of acid 
as the unknown, and diluting the acid solution, after heating and cool- 
ing, into a convenient multiple of the true carbon content which may 
be determined by any of the following methods: 

(1) Direct combustion in oxygen with a gravimetric, volumetric 
or titration determination of the carbon dioxide formed. 

(2) Decomposition of the sample in chromic acid solution and 
the determination of the carbon dioxide evolved. 

(3) Separation of the iron and carbon by the action of copper 
potassium chloride solution and combustion of the carbon 
residue. 

These methods yield the total amount of carbon in steel regard- 
less of the prior structural condition of the material. Further details 
concerning the procedure and modifications of these tests may be 
procured from any standard analysis text. 


MATERIAL 


Since maximum amount ef missing carbon was shown to occur 
in hardened steel containing from 0.70 to 1.25 per cent carbon,‘ this 
entire investigation was conducted upon two basic electric steels of 
the following composition : 


C Mn Si e S Ni Cr 
Steel A 0.87 0.39 0.13 0.014 0.020 0.03 0.04 
Steel B 1.19 0.33 0.17 0.011 0.014 0.04 0.03 


Prior to any investigation, the material was normalized from 
850 degrees Cent. (1560 degrees Fahr.) and subsequently annealed 
at 825 degrees Cent. (1515 degrees Fahr.). The annealed material 
of each steel was used as the standard throughout the study. 

Prior to hardening, standard specimens (1x1x™% inch) were cut 
and scored in order to obtain small sections to analyze. All specimens 
were heated in a specially designed furnace (Fig. 1) to prevent de- 
carburization. The hardened specimens were tempered 30 minutes 
at temperature in preheated furnaces. 


Tue Errect or HEAT TREATMENT Upon Cotor CARBON 


Since it was previously shown that quenching from 1000 degrees 
Cent. (1830 degrees Fahr.) yielded maximum missing carbon,’ all 


‘Sauveur, A., Journal, Iron and Steel Institute, 1896, No. II, p. 191. 
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specimens were hardened from this temperature in water. The hard- 
ened and tempered specimens were tested immediately or within two 
hours after heat treatment. The results obtained after hardening and 
tempering these steels are shown in Fig. 2. 
Chrome/ Wire 


rwire Sugoort 
Asbestos Joo 










Thermocouple 


| «pPowoered Magnesia 
@ 13 SpeclMans 

Q js! mburizing Compound 
~» Cand | * 

S he Cogover Filings 

Owoe. Ashe stos 









Potentiometer 





Furnace Stand 










Generator - 550 Vo/ts 


og 
Resistance Stoves 
lr Series 


Fig. 1—Sketch of Vertical Quenching Furnace. 


Fig. 2 shows that the apparent color carbon content increases 
from 0.42 to 1.11 per cent in Steel A and from 0.63 to 1.39 per cent 
in Steel B. This figure also shows that “missing carbon’’ becomes 
“excess carbon” at 550 degrees Cent. (1020 degrees Fahr.) in Steel 
A and at 500 degrees Cent. (930 degrees Fahr.) in Steel B. These 
temperatures may vary either way since a longer tempering period 
at a lower temperature or a shorter time at a higher temperature will 
affect the size of the iron carbide particles. 

A study of the cold nitric acid solution and carbide precipitates 
in Steel A, obtained by dissolving the hardened and tempered speci- 
mens in cold diluted nitric acid (1.2 specific gravity), showed that 
three changes take place in the structure—form and color of the 
precipitates and acid solution. These changes occur in the tempera- 
ture ranges extending from (a) the “as-quenched” condition to 250 
degrees Cent. (480 degrees Fahr.), (b) 250 to 400 degrees Cent. 
(480 to 750 degrees Fahr.) and (c) 400 degrees Cent. (750 degrees 
Fahr.) to below the thermal critical range, and represent the mar- 
tensitic, troostitic and sorbitic conditions in hardened and tempered 
steels. 
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The acid solution of range (a) is yellowish brown in color, and 
possesses a greenish cast which is covered with a frothy, white gelati- 
nous substance. The carbide precipitates of this range are yellow 
and extremely fine. The acid solution of range (b) is light brown in 
color without any greenish cast and is covered with a thick brown 
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Fig. 2—-The Effect of Tempering Upon the Color 
Carbon of Quenched Steels. 

viscous substance. The carbide precipitates are flat, wide and irregu- 
lar and possess a brownish, black appearance. The carbide pre- 
cipitates of range (c) are round and black, and they become larger 
in size and fewer in number with the higher tempering temperatures. 
The acid solution of this range is colorless and does not contain any 
frothy or viscous substance. 

To account for the loss of coloration (missing carbon) 
quenched steel and the increase in tempered steels (excess carbon), 
the brown nitric acid solution obtained after heating was subjected to 
dialysis, charcoal filtration, filtration and dialysis and vice versa, 
dialysis and filtration. The results obtained by electro-endosmosis 
and filtration substantiate the work of Whiteley® and show that the 
brown nitric acid solution is colloidal in nature, structural in color, 
and divisible into three parts. 

(a) A yellow-green solution which diffuses through the dialyzer 

(collodion bag) into the dialyzing medium (distilled water). 

(b) A brown colored solution which remains in the dialyzer 

(collodion bag). 


(c) A chocolate brown precipitate retained in the dialyzer. 


°W hiteley, J., Carnegie Scholarship Memoirs, Iron and Steel Institute, 1917, Vol. 8, p. 1. 
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Since these conditions are caused by the difference in the size of the 


iron-carbide particles, they are explained empirically by Oswald and 
Fisher’s diagram® in Fig. 3. 


Coarse Dispersions Colloids Molecular Dispersoids 
oeingeeeseasepinsinensnesnhsenssiet massneisnesaninsnemmanesisssisionsnS 


Increase in degree of Dispersion 


0.1 u* to 1.0 uu** 

Periods greater than Pass through paper fil- Periods smaller than 1,0 
0.1 «4; do not pass ters; cannot be analyzed uit; pass through filter 
through paper fil- microscopically ; do not paper, cannot be ana- 
ters ; microscopically diffuse or dialyze. lyzed microscopically 
analyzable. diffuse and dialyze. 

(Phase C) (Phase B) (Phase A) 
*u = 0.0001 mm. 


**uu = 0.0000001 mm. 








Fig. 3—Oswald and Fisher’s Diagram of Dispersed Systems Showing the Effect of 
Particle Size Upon Filtration and Dialysis. 


Since the coloration of the brown acid solution is colloidal in 
nature and structural in color and since the solubility of any solid in 
either a liquid or solid is a function of time, temperature and particle 
size (surface area), the state of division of the solute, for constant 
time and temperature, determines the rate of solution. Therefore, 
heat treatment determines the size of the iron carbide particles and 
ultimately controls (a) the rate of decomposition that occurs in nitric 
acid when the carbide particles are dissolved, (b) the coloration of 
the acid solution and (c) the rate of color decay. Consequently, 
when the standard (annealed steel) is dissolved in nitric acid and 
compared against an unknown, the variation in the particle size of 
the iron carbides creates a difference in the acid solubility and, as a 
result, the coloration of the acid solution varies directly from yellow- 
ish green to deep brown with the particle size. This colorimetric 
comparison of particle sizes creates missing and excess carbon and is 
pictured schematically to occur in the following diagram by allowing 
X to equal the carbide particle size of any standard steel. 


“Missing any particle size ¥ any particle size _ ee 
Carbon smaller than X larger than X Carbon 


If the particle size X of the hardened (quenched) steel were 
used as a standard instead of the annealed structure, there would be 
no missing carbon but only excess carbon, since the particle size 
would always be larger ; whereas, if the large carbide condition which 





*Oswald, W. and Fisher, M. H., Theoretical and Applied Colloid Chemistry, p. 20, 
(John Wiley & Sons, Inc., New York). 


PRAT. 


Cs 


ee SPR be ae ad 


Pett taal 


i aa la 


oer i 





: 
- 


Ss a Sel 


1939 


exist 
Ce lo 


carb 


indi 
CC lo 
carl 
sho’ 
witl 


S1z€ 





September 


ze Of the 
vald and 


persoids 


than 1,0 
ugh filter 
be ana- 
copically 
alyze. 


\) 
Effex t ¢ 


oidal in 
solid in 
particle 
-onstant 
erefore, 
‘les and 
in nitric 
ition of 
quently, 
cid and 
size of 
id, as a 
yellow- 
‘imetric 
1 and is 
llowing 


cess 
” 


On 


‘| were 
yuld be 
le size 
which 


te 


| 
3 
e 





hci bl A ARO en cg RR A Caan eG IC ah anh a a 


1939 COLOR CARBON AND AGING 673 


exists in the spheroidized steel were used as a standard, the Eggertz 
colorimetric test would show only missing carbon and no excess 
carbon, since the iron carbide particles would always be smaller. 

In conclusion, the findings of this portion of the investigation 
indicate that the variation in the color carbon content of the Eggertz 
colorimetric carbon test is due entirely to the comparison of the iron 
carbide particle size and not to any other factors. These findings also 
show that the coloration of the acid solution increases progressively 
with the size of the carbide particle or, vice versa, decreases with the 
size of the iron carbide particles. 


HEAT TREATMENT AND AGING 


Since the color carbon test is dependent upon the particle size 
of the iron carbide particles, if all other things are equal, it seemed 
logical to assume that if aging in plain carbon steels were due to car- 
bide precipitation and agglomeration, this test would indicate it. 
Therefore, duplicate series of quenched and tempered specimens of 
Steel A were examined for color carbon after 10, 30, 180, 360 and 
550 days’ aging at room temperature. The results obtained after a 
year and a half aging at room temperature are shown in Table I and 
Fig. 4. 


120 
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Fig. 4—The Effect of Aging Upon the Color Carbon 
of Tempered Steels. 


Fig. 4 indicates that in quenched and tempered steels, carbon 
(carbide) is the direct cause of aging since aging results in an in- 
crease in the size of the iron carbide particles. 

Aging in quenched and tempered carbon steels seems to imply 
supersaturation, precipitation and coagulation of the solute particles 
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(iron carbide) in the ferrite matrix. This process of agglomeration 
(aging) may be influenced by (a) the gases in solution, such as 
oxygen, nitrogen, etc., (b) the metallic alloying elements in solution: 
e.g., chromium, nickel, manganese, etc., and (c) the nonmetallic 
alloying elements in solution, such as phosphorus, sulphur, etc. These 
factors may either intensify or minimize the rate of precipitation and 


Table I 


Effect of Aging on the Color Carbon of Hardened 
and Tempered Steel (0.87 Per Cent Carbon) 


Tempering 





Temperature ——Aging Period at Room Temperature, Days ’ 
Degrees Cent. 0 10 30 180 360 550 
Room Temp. 0.42 0.48 0.50 0.50 0.51 0.52 
50 0.44 0.48 0.48 0.50 0.52 0.53 
100 0.48 0.54 0.54 0.56 0.58 0.58 
150 0.55 0.64 0.70 0.75 0.77 0.80 
200 0.55 0.61 0.68 0.76 0.79 0.81 
250 0.58 0.64 0.64 0.66 0.73 0.77 
300 0.65 0.69 0.69 0.72 0.76 0.80 
400 0.72 0.76 0.76 0.78 0.81 0.84 
500 0.78 0.81 0.81 0.83 0.86 0.88 
600 1.00 1.02 1.02 1.02 1.04 1.04 
700 1.11 


1.12 1.12 1.12 1.13 1.13 


agglomeration and naturally tend to determine the aging rate and 
characteristics of the steel. However, in quenched and tempered 
carbon steels, carbon which exists in the form of iron carbide 
(Fe,C)x seems to be the direct cause of aging and the manner in 
which the above mentioned factors affect it has not been determined. 
These results are in agreement with the findings of Pfeil’ who showed 
that (a) carbon-free iron is not subject to aging, (b) iron containing 
as little as 0.0025 per cent carbon exhibits aging and (c) age-harden- 
ing is influenced by the presence of carbon. 

Table I and Fig. 4 also indicate that aging is a function of time, 
temperature and particle size and is never complete. If the time and 
temperature are constant, the rate of agglomeration is determined by 
the size of the solute particle since fine-grained aggregates possess a 
greater initial rate of agglomeration than relatively coarse ones. This 
tendency decreases as coagulation continues. 

Briefly, in hardened and tempered steel, aging is most. marked in 
the steels tempered between 150 and 250 degrees Cent. (300 and 480 
degrees Fahr.) and may be ascribed to the decomposition of retained 
austenite into martensite with precipitation and agglomeration. The 





TPfeil, L. B., Journal, Iron and Steel Institute, 1928, No. II, p. 167. 
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1939 
aging ability of the quenched steel above this tempering range de- 
creases progressively with the higher tempering temperatures. 

Rockwell hardnesses taken upon the above specimens after each 
aging period (0, 10, 30, 180, 360 and 550 days) are shown in Fig. 5 
and Table II. 
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Fig. 5 The Effect of Aging and the Hardness of 
Tempered Steels. 


Although the aging characteristics of a material may be observed 
by hardness readings, it is an indirect method of determining the rate 
of precipitation and agglomeration since the hardness readings meas- 


Table Il 
Effect of Aging on the Hardness (Rockwell C) of Hardened and 
Tempered Steels (0.87 Per Cent Carbon) 





Tempering 
lemperature 





Aging Period at Room Temperature, Days- - 


Degrees Cent. 0 10 30 180 360 550 
Room Temp. 58 61 61 61 62 62 
50 53 55 55 54 55 55 

100 50 54 54 53 55 55 
150 48 47 47 48 52 52 
200 47 46 46 46 47 47 
250 45 46 45 44 45 47 
300 41 43 43 42 44 45 
400 36 35 34 32 38 38 
500 28 28 28 25 28 29 
600 25 24 23 23 25 26 

17 20 22 


ure only the effect of aging and not the actual phenomenon as re- 
vealed by the color carbon test. Moreover, the degree of aging can- 
not be computed from the hardness increase since hardness is only a 
relative measurement and is affected by the hardness of the original 
unaged specimens, inasmuch as an increase from 4 to 6 points on the 
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low side of the Rockwell “C” scale may not be equivalent to one point = 
on the high side of the scale (Rockwell “C” 65 to 66). 

To determine the effect of quenching and tempering tempera- 
tures upon the aging characteristics, series of specimens were 
quenched from below the thermal critical range 600 to 1000 degrees 
Cent. (1110 to 1830 degrees Fahr.) and tempered by small tempera- 
ture intervals up to 700 degrees Cent. (1290 degrees Fahr.). The 
specimens were examined for hardness immediately or within two 
hours after heat treatment, aged 10 and 30 days respectively and re- 
examined for hardness. 

A summary of the results shows that maximum aging occurs in 
steels when quenched from below the thermal critical range and 
minimum from immediately above and, as the quenching temperature 
is raised above the thermal critical range, the aging capacity of the 


steel increases with the amount of retained austenite." = for 
Bu 
THE Errect oF Cotp WorK AND AGING Upon Cotor CARBON S agi 
s §6of 
Since Sauveur* and Whiteley® showed that the type of cold work cor 
affects the color carbon readings in different manners, one series of ag’ 
steels were cold-worked by reduction (hammer) and another series by 
torsion. wa 
To note the effect of cold work (reduction), specimens (1x1x™% s §6tyy 
inch) were heat treated to ranges from a martensitic to a spheroidized s Se 
condition and were cold-worked upon an anvil to one-quarter and - an 
one-eighth inch thickness respectively. Cold work upon the mar- » §6he 
tensitic steel was performed by the application of a 100,000-pound = ro 
load (compression) for 30 minutes and removed. All specimens an 
were analyzed for carbon immediately after cold work, aged 30 days Btn 
at room temperature and re-examined for color carbon. S §6sh 


The color carbon results obtained upon the cold-worked and 
aged specimens tabulated in Table III show that the particle size of 
the iron carbide particles become smaller with increasing amounts 
of reduction with the exception of the martensitic steel which shows 
an increase of color carbon after compression. Table III also shows 
that, for constant reduction, the prior structural conditien determines 
the relative size of carbide particles since the larger particles are re 
duced to a greater extent than the smaller. This is indicated by the 
color carbon loss in the 50 per cent reduced sorbitic, pearlitic and 
spheroidized steels which are 10, 15 and 22 points, respectively. ti 
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Table Ill 
The Effect of Cold Work Upon the Color Carbon of Heat Treated Steel 








Heat Per Cent Color Carbon 

Treatment Reduction 0 Days 30 Days Aging 
no ares le re ae 0 0.42 0.50 
EE. nia a so etgie aw ete aa 0.63 0.67 
Sorbitic (Air-cooled) .......... 0 0.76 0.79 
Sorbitic (Air-cooled) .......... 25 0.70 0.81 
Sorbitic (Air-cooled) .......... 50 0.66 0.79 
a a i Ls dl nip ag 0 0.87 0.87 
I Nd og eee alle: eimai 25 0.81 0.85 
RS 3 6 ate oe oe 50 0.72 0.82 
NOI 5 kia cha Sib Se ecbrgid ae Ow 0 1.24 1.24 
NE p-4:a10 9 Wee He de e096 25 1.11 1.14 
IIE sen: ics ay.» €-0 04 ple wo ah 50 1.02 1.09 


*100,000 pounds load applied for 30 minutes. 


Upon aging these cold-worked specimens at room temperature 
for 30 days and analyzing for color carbon, the results show (Table 
[II) that (a) the more severely worked specimens exhibit maximum 
aging, (b) the original prior structural condition influences the rate 
of agglomeration, (c) martensitic steels which were subjected to 
compression age very little after 30 days’ aging since maximum 
agglomeration seems to have occurred during compression. 

The effect of torsion upon the particle size of the carbide particle 
was next studied. The torsion machine was of a constant loading 
type and the rate of loading was very slow (1 pound per minute). 
Series of torsional specimens were given different heat treatments 
When 
heated at elevated temperatures, the specimens were air-cooled to 
room temperature. The fractured surfaces of all tests were milled and 
analyzed for color carbon. Some of the results obtained on heat 
treated specimens fractured at room temperature, after torsion, are 
shown in Table IV. 


and were tested both at room and elevated temperatures. 


Table IV 
The Effect of Cold Work (Torsion) on the Color 
Carbon Content of Heat Treated Steels 





Heat Treated Color Carbon (Per Cent) 


Condition Tempered (Unworked) Tempered and Cold-Worked 
RIE dt. Kae a's & ieee obs eee 0.42 0.50 
Sorbitic (Air Cooled) .......... 0.76 0.82 


RU ae ge a a ae Fr 0.87 0.90 


Table IV shows that cold work by torsion increases the colora- 
tion, or carbide particle size; whereas, cold work by reduction (ham- 
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mer) reduces the size of the iron carbide particles (Table II1), 
Drilling acts in the same manner as torsion. These results definitely 
establish Whiteley’s previous observations that different types of 
mechanical deformation affect the color carbon readings in opposite 
manners as shown above. 

To summarize the effect of cold work and aging upon the size of 
the iron carbide particles, as determined by the color carbon test, it 
may be stated that the degree of aging in cold-worked steels depends 
upon the prior structural condition and the amount and type of 
deformation. Cold work by reduction (hammer) reduces the size of 
the carbide particles, distorts the ferrite lattice and increases the sus- 
ceptibility to aging. 

Cold work performed by torsion may act in a similar manner to 
that performed by reduction (hammer) but as the carbide particles 
are reduced to a lesser degree than in reduction, aging results im- 
mediately in an increase of particle size and consequently color car- 
bon ; whereas, in reduction, the decrease in the carbide particle size 
is so drastic that even though immediate and subsequent aging does 
increase the particle size (color carbon), it never reaches its original 
size. Therefore, the Eggertz colorimetric carbon test always shows 
missing carbon. This hypothesis explains the apparent loss. (missing 
carbon) and gain (excess carbon) in color carbon in these two types 
of cold work. 


Part II 
The Aging of the Iron Carbide Aggregates 


Since the effects of heat treatment, aging and working upon the 
size of the iron carbide particles were determined by chemical and 
physical tests in the preceding pages without any direct reference to 
the iron carbide aggregates, this portion of the paper deals with the 
aging of the various aggregates formed in steel by thermal treatment. 

Steel essentially is an alloy of iron and carbon (carbide) and 
must exist either as a solid solution or as an aggregate of two or 
more phases. Therefore, the various structural phases which are 
formed in steel may be classified as follows under two categories: 

I. Solid Solutions 

(a) Solid solution of carbon in alpha or delta iron (ferrite). 
(b) Solid solution of carbon in gamma iron (austenite). 
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(c) Solid solution of carbon in tetragonal iron (martensite). 

II. Aggregates 

(a) Solid solution aggregates. 

(b) Lamellar aggregates. 

(c) Granular or spheroidal aggregates. 
Inasmuch as the solid solutions recorded under category I are too 
well known to merit much discussion, the various aggregates of steel 
tabulated above are described briefly in the following paragraphs. 

Solid solution aggregates are aggregates of two or more solid 
solutions whose physical, chemical, electrical and structural properties 
are different. This type of aggregate is readily formed at elevated 
temperatures in most types of steel or at room temperature in alloy 
steel by having two or more of the above mentioned solid solutions 
together. 

Lamellar aggregates are obtained by cooling from above the 
thermal critical range any alloy of iron and carbon which contains 
more than some 0.035 per cent carbon (the limit of solid solubility 
of carbon in alpha iron at the A, point) at a cooling rate less than 
the critical rate of cooling which yields martensite. The micro- 
structure of the carbide particles obtained in the residue of steel dis- 
solved in cold diluted nitric acid (1.2 specific gravity) is shown in 
Fig. 6. This photomicrograph reveals the lamellated structure of the 
carbide particles themselves which is normally observed in the micro- 
examination of polished and etched steels. 

Granular or spheroidal aggregates are obtained by tempering any 
alloy of iron and carbon at subcritical temperatures in order to 
coalesce the iron carbide particles and form an aggregate of cementite 
(granular or spheroidal) in ferrite. The microstructure of the car- 
bide particles obtained in the residue of hardened and tempered steels 
is shown in Fig. 7. These two photomicrographs (Figs. 6 and 7) 


Table V 
The Nomenclature of the Iron Carbide Aggregates 


Lamellar © Granular 

dees Sie een 

Pearlite =| 3 Spheroidized Cementite 
sie 

Sorbite - 9 Sorbite 

, 3 1Q : 

Troostite Bio Troostite 
@ loo 

Martensite O}” Martensite 
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reveal the physical and structural differences in the carbide structure 
of the lamellar and spheroidal aggregates. 

Since the various structural conditions of iron and carbon (car- 
bide) obtained by thermal treatment in steel have been described 
above, the accepted nomenclature generally used to identify these 
states of carbide dispersion in ferrite is shown in Table V. 

In Table V the carbide particles decrease from pearlite to 
martensite and from spheroidized cementite to martensite, respec- 
tively. Hence, the nomenclature in the above table represents various 
degrees of dispersion of carbon (carbide) in ferrite with no definite 
line of demarcation between each succeeding aggregate, since the in- 
crease or decrease in the size of the carbide particles is progressive. 


The Causes of Aging 


Before discussing the various causes of aging in the iron carbide 
aggregates, it seems advantageous and appropriate at this time to 
define aging since it is generally used in a number of manners. 

Aging: Ina broad sense, aging implies any change that occurs 
in either the physical, chemical, electrical or structural condition of 
the material under consideration with the passage of time at normal 
atmospheric temperature (room temperature) or elevated tempera- 
tures. However, for accuracy, aging at normal atmospheric tem- 
perature (room temperature) should be termed “normal aging,” while 
aging at temperatures above or below room temperature should be 
designated as “artificial aging.”’ 

Precipitation Aging: When any change occurs in either the 
physical, chemical, electrical or structural condition of the material 
under consideration with the passage of time, and results directly 
from the precipitation of a substance or substances (solute or solutes) 
from the matrix of the material (solvent), it should be called “pre- 
cipitation aging.”’ Therefore, it seems logical to conclude that if this 
type of aging occurs at room temperature it should be designated as 
“normal precipitation aging” or “artificial precipitation aging” if it 
takes place either above or below room temperature. 

Strain Aging: When mechanical deformation imparts the sus- 
ceptibility to age at room temperature, it is usually termed “strain 
aging.” However, when heated above room temperature and grain 
growth or grain refinement occurs, it should be called “recrystalliza- 
tion” since it is no longer an aging phenomenon. 
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Since aging was defined in the above paragraphs, the reason of 
aging in the iron carbide aggregates is now discussed. But before 
presenting the aging characteristics of the various iron carbide aggre- 
gates, it should be stated that aging in steel is primarily a precipitation 
phenomenon and may result from any of the following reasons: 

(1) Limited solubility: The solid solubility of carbon in alpha 
iron decreases progressively from approximately 0.035 per cent at 
the lower limit of the thermal critical range (A,) to some 0.006 per 
cent at room temperature. 

(2) Allotropism: The transformation of one lattice to another 
usually occurs with a change in solid solubility. This is particularly 
true in alloys which transform from body-centered to face-centered 
cubic lattices since the face-centered structure possesses the greatest 
dissolving power of any of the material’s polymorphic forms. This 
especially pertains to steel since austenite (face-centered cubic) can 
retain approximately 1.7 per cent carbon in solution while ferrite 
(body-centered cubic) can only dissolve a maximum amount of ap- 
proximately 0.035 per cent at the A, point or about 0.006 per cent 
carbon at room temperature. 

(3) Mechanical deformation: Cold work will usually cause 
aging by shifting the solid solubility slightly to the left thereby caus- 
ing precipitation and subsequent aging. 

(4) Diffusion: Precipitation aging may occur by heating an 
alloy in contact with a substance such as a gas, metal, compound or 
solid solution which diffuses into the alloy and affects the solid 
solubility. Consequently, when the metal is cooled to room tem- 
perature, supersaturation and precipitation result in aging. This 
occurs primarily in carburizing, nitriding, or in any process of im- 
pregnation where the solubility at elevated temperatures is greater 
than at room temperature. 

To complete the picture of precipitation aging, it should be 
mentioned also that in some alloys, other than steel, aging occurs by 
heating metastable solid solutions or variable compounds at definite 
temperature ranges in order to form superstructures or other com- 
pounds. This also is a form of precipitation aging since the struc- 
tural change is almost always accompanied by precipitation. 

When steel is heat treated in any condition, the affinity of the 
resultant aggregate to age is controlled by the factors enumerated 
above. Consequently, aging in steel is controlled by (1) the amount 
of retained austenite, (2) the amount of carbon dissolved in alpha 
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iron, (3) the size of the iron carbide particles, (4) time and tem- 
perature of tempering and (5) the degree of mechanical deforma- 
tion remaining within or conferred upon the specimen after the final 
heat treatment. 


THE AGING OF THE AGGREGATES 


To determine the aging characteristics of the various aggregates, 
series of annealed specimens of Steel A (0.87 per cent carbon) were 
heat treated so as to form the different aggregates in steel and aged 
at room temperature 10 and 30 days respectively. The color carbon 
readings (average of 6 determinations) were taken immediately after 
heat treatment and after each aging period. The results are tabulated 
in Tables VI and VII. 


Table VI 
The Effect of Aging on the Color Carbon 
Readings of the Lamellar Aggregates 





Days Aging at Room Temperature 


Structure 0 10 30 
Martensite (H,O Quenched) ...;...... 0.42 0.46 0.49 
Troostite (Oil-Quenched) ............ 0.52 0.64 0.71 
NS EE, os a kook dp ne ees ees 0.76 0.79 0.84 
Pearlite (Furnace-Cooled) ............ 0.87 0.87 0.87 








Table VII 
The Effect of Aging on the Color Carbon 
Readings of the Spheroidal Aggregates 


Days Aging at Room Temperature 


Structure 0 10 30 
ad a eh wee 0.42 0.46 0.49 
Martensite + Troostite .............. 0.55 0.63 0.69 
I eg en ee nk we lee hn oy 0.72 0.75 0.80 
A ee, beat db 40s oebe-e wo 1.00 1.02 1.02 
Spheroidized Cementite ............... 1. 1.24 1.24 


; 
_ 








From the results of Table VI and VII and the previous findings 
given in Part I of this paper, the aging characteristics of the various 
aggregates formed in carbon steels of eutectoid composition are now 
considered. These characteristics may also apply to hypo- and 
hypereutectoid steels, but must be slightly modified since hypoeutec- 
toid steels age more than eutectoid which in turn ages more than the 
hypereutectoid compositions, inasmuch as the amount of ferrite tends 
to regulate the degree of aging. 


Austenite: Since a completely austenitic condition can never 
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be retained at room temperature in plain carbon steels, the normal 
aging characteristics of austenite are deduced from its behavior in 
martensitic or troostitic steels which are obtained either by water or 
oil quenching. Its characteristics may also be observed from the de- 
composition of austenitic alloy steels upon heat treatment. 

Retained austenite in quenched carbon steels is unstable and sub- 
sequent tempering causes it to transform into an aggregate of ferrite 
and cementite whose state of carbide dispersion is a function of tem- 
pering time and temperature. But, regardless of time and tempera- 
ture, the initial step in the austenitic decomposition is an atomic re- 
arrangement, or lattice change, from face-centered cubic to body- 
centered cubic. This transformation is accompanied by supersatura- 
tion since the carbon retained in the austenite is retained momentarily 
in solution in the ferrite before precipitation occurs. At the first 
instance of precipitation, the carbide particles are precipitated in a 
submicroscopic state of division, and agglomeration occurs as rapidly 
as time and temperature permit. Hence, austenite transforms im- 
mediately upon tempering into martensite which in turn may be con- 
verted into a coarser state of division, such as troostite, sorbite or 
spheroidized cementite or, more simply, into an aggregate of granu- 
lar (spheroidal) cementite in ferrite whose carbide particle size is 
determined by the time at temperature and temperature of aging 
(tempering ). 

Another factor worthy of mention which influences the decom- 
position of retained austenite upon tempering is the temperature 
from which the steel was hardened since the higher quenching tem- 
peratures seem to yield a more stable austenite than the lower tem- 
peratures and subsequent artificial aging (tempering) results in a 
greater hardness increase for constant aging time. Finally, the 
austenitic grain size influences the ultimate aging characteristics and 
it seems that a coarse grain structure acts like steels hardened from 
a higher temperature. They tend to resist transformation more so 
than fine-grained austenite and, consequently, yield a greater hardness 
increase than fine-grained material upon decomposition. 

Martensite: Inasmuch as a 100 per cent martensitic structure 
is never obtained by quenching a carbon steel, but an aggregate of 
martensite and retained austenite, the aging characteristics are af- 
fected by two factors; namely, (1) the percentage of retained austen- 
ite and (2) the aging characteristics of martensite. Neglecting the 
presence of retained austenite for the time being, martensite may be 





CO 





eptember 


normal 
vior in 
fater or 
the de- 


nd sub- 
ferrite 
of tem- 
mpera- 
mic re- 
» body- 
‘satura- 
entarily 
he first 
ed ina 
rapidly 
ms im- 
be con- 
‘bite or 
granu- 
size is 


aging 


decom- 
erature 
ig tem- 
or tem 
ts in a 
ly, the 
ics and 
d from 
10re SO 
irdness 


ructure 
rate of 
are af- 
austen- 
ing the 
may be 


1939 COLOR CARBON AND AGING 685 


considered as a fully aged constituent, as proposed by Professor 
Sauveur,® and subsequent aging either at room or elevated tempera- 
tures will resuit in coagulation of the submicroscopic carbide par- 
ticles precipitated during hardening in the quenching bath. If aging 
oecurs at or slightly above room temperature, the hardness may grad- 
ually increase until a critical dispersed submicroscopic carbide particle 
size is reached. Continued aging will then cause a progressive de- 
crease in hardness. 

When the martensitic aggregate composed of retained austenite 
and martensite is aged normally at room temperature or artificially 
at elevated temperatures, not above the martensite-troostite tempera- 
ture change, the decrease in hardness due to agglomeration in the 
martensitic structure is over-shadowed by the increase created by the 
austenite-martensite conversion. The resulting hardness increase by 
this conversion is determined, as before mentioned, by the aging time 
and temperature. 

In discussing the consequence of aging upon martensite in the 
preceding paragraphs, the structural variations of this aggregate were 
omitted from consideration. However, since the structural composi- 
tion of the aggregate seems to influence the aging characteristics of 
martensite, the effects of these variations were carefully studied by 
dissolving in cold diluted nitric acid (1.2 specific gravity) series of 
heat treated eutectoid specimens and examining the carbide pre- 
cipitate, obtained by this method, microscopically on thin biological 
slides. By this procedure, the carbide structure of the hardened steel 
could be readily ascertained, whereas, in the hardened steel specimen, 
it is impossible to determine microscopically the form and structure 
of the carbide particles. 

The results obtained by this method of carbide examination 
definitely show that two distinct forms of martensite exist: (1) the 
lamellar or acicular type that is formed in quenched martensite and 
(2) the granular or spheroidal type which occurs in slightly tem- 
pered martensite. The former—the lamellar or acicular type—exists 
only in the “as-quenched” condition and tempering for even as short 
a duration as 2 hours at 100 degrees Cent. will convert the acicular 
carbide structure into the spheroidal form. Continued tempering 
increases the size of these spheroidal precipitates. 

These results seem to indicate that the carbide structure in 
quenched martensite is lamellar in form and submicroscopic in size 


SSauveur, A., Metals and Alloys, August 1932. 
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since the state of division of the cementitic plates become progres- 
sively finer and finer with the rate of cooling until they remain en- 
tirely in solution in martensite (solid solution of carbon in tetragonal 
iron) or austenite (solid solution of carbon in gamma iron). 

Since the structure of the acicular carbide particles was so 
markedly affected by such a short tempering treatment, it seemed 
worthy to study the effects of aging upon the carbide structure of 
quenched steels. Therefore, series of small eutectoid specimens were 
hardened and aged at room temperature for 0, 10, 30 and 60 days. 
After aging, the entire series was dissolved in cold diluted nitric acid 
and the carbide precipitates were examined microscopically. A com- 
parison of the 0, 10 and 30-day aged specimens showed that the 30- 
day aged steel was slightly different in carhide structure from the 
“as-quenched” and 10-day aged specimens which were similar to each 
other. The structure of the 30-day-old precipitates was reefy and 
not so acicular as in the specimens aged O and 10 days respectively. 
This change was more intense in the specimen aged 60 days at room 
temperature and indicated that surface tension tends to coalesce the 
carbide particles from the acicular to the spheroidal form of structure 
in aged martensite. 

To complete the effect of aging upon the structure of hardened 
steels, the series of quenched steels which were examined in 1931 for 
color carbon and the effect of aging upon color carbon in Part I of 
this paper were re-examined in 1937 for carbide structure after being 
aged slightly more than six years at room temperature. The micro- 
scopic examination of the carbide particles of the steels aged six 
years at room temperature, after dissolving in cold diluted nitric acid, 
showed them to be completely spheroidal in form without any trace 
of aciculation. These steels further indicate that aging at room tem- 
perature is an agglomeration process since it coalesces the acicular 
carbide particles of martensite into spheroidal cementite by means of 
surface tension. 

A comparison of the above results with those observed and 
recorded in the first portion of this study show that aging is an ex- 
tremely mild form of tempering and that the mechanism by which 
the acicular carbide structure of quenched steels changes during 
aging to the spheroidal form is similar to that observed in the sphe- 
roidization process of pearlitic steels during tempering. 

Troostite: The aging characteristics of troostite obtained by oil 
quenching and those of troostite formed by the decomposition of 
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martensite and retained austenite by tempering are entirely different. 
The troostitic aggregate created by quenching possesses more retained 
austenite, a greater saturation of carbon in ferrite and a smaller car- 
bide particle size than the troostitic aggregate formed by tempering. 
As a result of these factors, the former has a greater urge to age 
than troostite obtained by tempering as is shown in Tables VI and 
VII where the color carbon increase for 10 and 30 days aging 
respectively are 12 and 19 points carbon against 3 and 8 points in the 
troostitic condition or 8 and 14 points for the martensitic-troostitic 
condition. 

Sorbite: Normalizing an aggregate whose solid solubility de- 
creases toward room temperature creates a tendency for super- 
saturation and a smaller particle size than is ordinarily retained by 
Conse- 
quently, such an aggregate will respond to aging. This particularly 
is true of sorbite obtained by air cooling as is shown in Table VI. 


slow cooling, which tends to create equilibrium conditions. 


Sorbite formed by the decomposition (tempering) of austenite 
and martensite is not so susceptible to aging as normalized sorbite, 
since most of the aging constituents are removed. However, a very 
slight amount of aging does occur but not to any extent as is shown 
in Table VII. 

Spheroidized cementite: This aggregate of spheroidal cementite 
in free ferrite should be the most stable of all the different structural 
compositions obtained by thermal treatment in iron and steel if com- 
plete spheroidization of all the carbide particles occur. But, neverthe- 
less, aging may proceed very slowly since there does not seem to exist 
any ultimate size for the carbide particles. 

Pearlite: Although this aggregate is the last to be discussed, it 
is one of the utmost importance and, in recent years, has been the 
subject of much discussion in certain portions of the metallurgical 
world. Pearlite is an aggregate of cementite lamellae in a ferritic 
matrix and is chemically and structurally of eutectoid composition, 
inasmuch as the proportion of free ferrite to cementite is in the 
approximate ratio of 6.5 to 1. However, when the rate of cooling 
from above the critical is increased from slow furnace cooling to 
drastic quenching, these coarse cementite lamellae progressively be- 
come finer and finer until they remain entirely in solution. Conse- 
quently, this increased state of dispersion of the cementite lamellae 
destroys the normal structural proportions of approximately 6.5 parts 


of ferrite to 1 part of cementite and concurrently changes the com- 
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position of ferrite from free ferrite (which is normally supposed to 
contain some 0.006 per cent carbon in solution at room temperature 
in furnace cooled pearlite) to a supersaturated solid solution of car- 
bon in alpha iron whose state of saturation is determined by the rate 
of cooling. Thus, the question of discussion, mentioned above, is 
whether the term “pearlite” should apply to all the various states of 
dispersion of the cementite lamellae, irrespective of structural propor- 
tions of free ferrite to cementite and carbon concentration in the 
ferrite, or only to the aggregate formed by slow cooling which meets 
the above requirements and to which the original name of “pearlite” 
was given. 

Regardless of the above nomenclature discussion, aging in pearl- 
itic steels is a function of (1) the state of division of the cementite 
lamellae and (2) the carbon concentration of the ferrite. These two 
factors work in conjunction with one another and, as the carbon 
concentration of the ferrite or the state of division of the cementite 
lamellae increase, the aging propensities of the aggregate automati- 
cally become greater. This fact is shown in Table VI where the 
color carbon readings of the pearlitic, sorbitic and troostitic steels 
after aging 30 days at room temperature are O, 8 and 19 points 
respectively. 

Theory of Aging: The findings of this investigation dealing 
with the effects of thermal and mechanical treatment upon the aging 
propensities of steel substantiate the precipitation theory of Professor 
Sauveur.* They indicate that aging is a precipitation phenomenon 
and results from the precipitation and agglomeration of the iron 
carbide particles. This phenomenon may be accelerated or retarded 
by the presence of other alloying elements which may either assist or 
retard the rate of precipitation and agglomeration and, thereby, act 
as either negative or positive catalysts. 

The aging characteristics of the various aggregates obtained by 
thermal treatment in steel are in general a function of carbide particle 
size and the amount of carbon retained in the alpha iron solid solution 
(ferrite). These two conditions work concurrently and, when the 
iron carbide particle size decreases, the amount of carbon retained 
in ferrite increases. Consequently, the aging ability of the various 
aggregates increases with the rate of cooling from above the thermal 
critical range or decreases with the degree of tempering below the 
thermal critical range. Thus, in the lamellar family, martensite ages 
during quenching, troostite (oil-quenched) ages more than sorbite 
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(air-cooled), which in turn ages more than pearlite (furnace-cooled) ; 
whereas, in the spheroidal aggregates, the martensitic-troostitic aggre- 
gate ages more than the troostitic which responds more quickly to 
aging than either sorbite or spheroidized cementite. However, aging 
is never complete since no ultimate size of the iron carbide particles 
seems to exist. 


GENERAL DISCUSSION 


Although many facts were brought out in this report, the most 
pertinent findings were casually mentioned in the first part of the 
paper. These findings are extremely important from the metal- 
lurgical and, especially, from the chemical point of view. 

From the chemical standpoint: The volumetric method of 
analyses is markedly affected by the size of the dissolving particles 
and, for certain acid concentrations (constant dissolving time, tem- 
perature and volume of acid), erroneous results will be always ob- 
tained if any variation in particle size exists. These facts have been 
shown by the color carbon test throughout this report and will be 
subsequently illustrated by other determinations. 

From the metallurgical standpoint: The volumetric method of 
determination presents a method by which the relative size of the 
dissolving particles may be measured and the effects of thermal, 
mechanical and aging treatment ascertained. These facts have been 
shown consistently throughout this report dealing with the effects of 
heat treatment, working and aging upon the condition of carbon in 
steel. 

To note whether the above contentions held true in other volu- 
metric determinations, series of tests were run over a period of years 
whenever the opportunity for them was present. The first of these 
tests was made for the writer by Dr. Joseph Clough (Doctorate’s 
Thesis, Harvard University, 1933) on nitrogen. Nitrided specimens 
of Armco iron were quenched from above its critical and analyzed 
for nitrogen by the volumetric-titration method. The quenched speci- 
men showed 0.37 per cent nitrogen (average of 3 tests). The same 
specimen was then tempered and re-analyzed for nitrogen. The test 
showed only 0.17 per cent nitrogen instead of 0.37 per cent, or a 
loss of 0.20 per cent. These results were surprising since they acted 
entirely opposite to color carbon test where quenching yields “‘missing 
carbon” and tempering “excess carbon’; whereas, in the nitrogen 
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test, quenching yields “excess nitrogen” and tempering “missing 
nitrogen.” 

The investigation of excess and missing nitrogen was continued 
a few years later on all types of chromium alloys which contained 
appreciable amounts of nitrogen. The results obtained were con- 
sistent throughout and are illustrated in Table VIII. The four steels 
investigated in this table were all of the NCR 819 type (8:19( Ni:Cr) 
modification ). 

Table VIII shows that the coarse size particles (air-cooled) 
yield the least amount of nitrogen and, as soon as the size of the 
particles becomes smaller (oil-quenched), the percentage of nitrogen 
increases. Cold working further accentuates this difference since it 
also tends to refine the particle size and increase the rate of dissolu- 
tion. To note whether the prior heat treatment affected the nitrogen 


Table VIII 


The Effect of Thermal and Mechanical Treatment Upon Nitrogen in Steel as 
Determined by the Volumetric-Titration Type of Test 


——" Steel s ———___,, 


A B Cc D 
Treatment -———-Per Cent Nitrogen———__, 
RN Si OES bana was cakes ia seh e ae oa 0.050 0.050 0.049 0.050 
SNE. Con kta eae we ses 6 4s.0e kaleg ep ies 0.055 0.056 0.052 0.051 
Oil-quenched and cold-worked ............... 0.064 0.061 0.056 0.055 
Oil-quenched and cold-worked and normalized.. 0.050 0.050 0.049 0.050 








content, the oil-quenched, cold-worked specimens were normalized 
and re-examined for nitrogen. The results checked those of the 
normalized specimens and showed that the prior structural condition 
does not affect the nitrogen content of the material. All these re- 
sults, however, reveal that the nitrogen determination is influenced by 
the size of the nitride particles and that the finer particles yield a 
smaller calculated percentage of nitrogen than the coarser. 

At first no explanation could be offered to account for this phe- 
nomenon but, after a careful study of the nitrogen test, the reason 
became quite apparent. In the colorimetric (color carbon) test, the 
smaller particles yield less coloration than the coarser: consequently, 
hardened steels reveal “missing carbon” and tempered steels “excess 
carbon.” In the volumetric-titration test (nitrogen), the smaller 
particles go into solution faster and yield more ammonia {NH,) gas 
in a shorter period of time than the coarser aggregates. Conse- 
quently, upon titration, the increased volume of gas requires a greater 
volume of acid to neutralize it. As a result, when the titrational 
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volume is converted into per cent element present, the finer particle 
sizes yield more calculated nitrogen than the coarser particles. 

To ascertain whether the above variations in nitrogen content 
were due to incomplete solution of the nitride particles or to their 
dissociation, series of normalized specimens were permitted to remain 
in the acid solution (1:1 HCl), prior to heating, from one-half to 
24 hours. The results obtained, after analysis, showed that the 
amount of calculated nitrogen increased progressively with time until 
approximately the same amount was recorded as in the quenched and 
cold-worked specimens. These findings indicate that incomplete solu- 
tion occurred when the coarse particles were analyzed by the regular 
method of analysis and that a longer dissolving time is required to 
complete solution. Therefore, it would seem most logical to conclude 
that these variations could be eliminated entirely by permitting the 
specimens to remain in the acid solution overnight in order to com- 
plete solution. Unfortunately, the matter is not so simple since some 
coarse-grained steels never go completely into solution in the hydro- 
chloric acid and, consequently, always show a lower calculated per- 
centage of nitrogen present. Another factor of importance, which 
must be taken into consideration, is that the procedure employed must 
be standardized for routine analysis and a constant dissolving time 
used. Thus, if too long a time is permitted, the fine-grained steels 
lose nitrogen: whereas, the coarse-grained steel gains nitrogen. If 
the duration is too short, the opposite is true. Therefore, to eliminate 
these discrepancies, it is very essential to heat treat all specimens 
alike (constant time and temperature) and to employ the same dura- 
tion of dissolving time throughout in order to obtain relative results. 

In concluding the above brief discussion of the effects of particle 
size upon the volumetric tests, it may be stated that the colorimetric 
and titration tests act opposite to each other in regard to the effect of 
particle size upon the final results since a smaller particle size yields 
a lower calculated percentage of the element present in the colori- 
metric test and a larger percentage in the titration test. In order to 
eliminate these variations in the different tests, all specimens should 
be similarly heat treated. In the colorimetric test, the specimens 
should always be in the annealed condition; whereas, in the titration 
test, the steels should be normalized from a high temperature. How- 
ever, in both volumetric tests, the results are only relative and do not 
indicate the true percentages of the element present in the material 
as in the gravimetric methods of determinations. 
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Before closing, the writer wishes to state that variations have 
also been observed in the colorimetric test for molybdenum but suffi- 
cient data have not been accumulated to show the intensity of these 
variations in the different molybdenum steels at the present time. 


SUMMARY 


Part I 


1. The color carbon test for combined carbon in steel shows 
that three structural changes occur in the size, form and structural 
composition of the carbide particles and in the nitric acid solution 
when hardened and tempered steels are dissolved in cold diluted nitric 
acid (1.2 specific gravity). The temperature ranges of these changes 
extend (a) from the as-hardened condition to 250 degrees Cent., (b) 
from 250 to 400 degrees Cent., and (c) above 400 degrees Cent. 
These structural changes represent the martensitic, troostitic and 
sorbitic conditions of steel and reveal that each of these aggregates 
possesses certain definite chemical and structural characteristics which 
are easily distinguishable by the color carbon test. 

2. The coloration of the dilute nitric acid solution (1.2 specific 
gravity) formed during the Eggertz colorimetric carbon test for com- 
bined carbon, before or after boiling, is due to a colloidal solution of 
either iron or iron carbide in nitric acid. This colloidal solution may 
be divided by means of dialysis into three parts which indicate the 
various states of dispersion from the coarse dispersions—colloids— 
to the molecular dispersoids. 

3. The coloration of the nitric acid solution used for the de- 
termination of combined carbon in steel is a function of the size of 
the iron carbide particles since the finer carbides dissolve more 
rapidly than the coarser and, consequently, the coloration of the acid 
solution varies directly from yellowish-green in martensite to deep 
brown in spheroidized cementite. 

4. “Missing carbon” is the amount of carbon that is not 
recorded when a steel is compared volumetrically against its standard 
and results from the colorimetric comparison of a smaller particle 
size against a larger. The amount of missing carbon depends upon 
the ratio of carbide particle size between the standard and unknown. 

5. “Excess carbon” is the amount of carbon that is recorded in 
excess of that contained on the standard (annealed) of the same steel. 
“Excess carbon” results from the volumetric comparison of a larger 
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carbide against a smaller (standard) and the amount of excess carbon 
depends upon the ratio of particle size between the unknown and the 
standard. 

6. Aging over a period of 550 days indicates that carbon seems 
to be the direct cause of aging in carbon steels since the size of the 
carbide particles increases with aging. 

7. Aging in carbon steels seems to be a precipitation phenom- 
enon and implies supersaturation, precipitation and agglomeration of 
the iron carbide particles. 

8. Aging is never complete and is a function of time, tempera- 
ture and particle size. 

9. Maximum aging occurs in steels quenched from below the 
thermal critical range; while minimum aging occurs in steels hard- 
ened from immediately above the critical. 

10. The aging ability of carbon steels increases with the amount 
of retained austenite. 

11. Aging increases with the amount of mechanical deforma- 
tion (cold work). 

12. The aging propensity of cold-worked steels is markedly 
affected by the original size of the carbide particles since the finer 
carbide aggregates age much more rapidly than the larger carbide 
sizes. 

13. Cold work affects the size of the carbide particles in two 
manners: It may either reduce the iron carbide particle size or in- 
crease it. Cold work by reduction reduces the size of the iron carbide 
particles ; whereas, torsion, milling or drilling increase it. 


Part II 


1. The various structural phases of steel are classified into two 
categories: (a) solid solutions and (b) aggregates. The aggregates 
are in turn subdivided into the following divisions: (a) solid solu- 
tions, (b) lamellar aggregates and (c) granular or spheroidal aggre- 
gates. 

2. After defining the various types of aggregates that are 
formed by thermal treatment in steel, the nomenclature applied to 
these different states of dispersion is briefly presented and discussed. 

3. Aging in steel is a precipitation phenomenon and may result 
either from: (1) limited solubility, (2) allotropism, (3) mechanical 
deformation or (4) diffusion. 
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4. The aging characteristics of the various lamellar and sphe- 
roidal aggregates in steel are presented and discussed. The results 
obtained by means of the color carbon test show that aging in both 
the lamellar and spheroidal aggregates is a function of carbide par- 
ticle size and the amount of carbon retained in ferrite. 

5. Quenched nitrided or chromium steels containing appreciable 
amounts of nitrogen yield either “excess” or “missing” nitrogen, 
depending upon the comparison of particle size. 

6. The volumetric method of analysis is a relative method of 
determining the percentage of element or elements present in steel 
since it is influenced by the size of the dissolving particles. 

7. The volumetric-colorimetric method of test has a tendency 
to yield a lower calculated value the smaller the dissolving particles 
become; whereas, the volumetric-titration test yields a greater per- 
centage of element present, the finer the dissolving particles become. 
This has been shown by the color carbon and nitrogen tests, respec- 
tively. 
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DISCUSSION 


Written Discussion: By E. G. Mahin, professor of metallurgy, Uni- 
versity of Notre Dame, Notre Dame, Ind. 

The attempt to obtain additional information concerning the fundamental 
causes of variation in the results obtained by the color method for carbon 
determinations is a commendable one. On account of the relatively short time 
required for a determination by this method it will continue to be widely used, 
especially for control work, yet the necessary precautions to be observed in 
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interpreting the results, especially in the selection of standard samples, occasion- 
ally tend to lessen confidence in the analytical results. 

The investigation reported in this paper, also the results summarized in 
papers to which the author refers, seem to confirm the belief that most, if not 
all, of the color in the steel solution is due to carbon compounds (or elementary 
carbon?) in colloidal suspension. Since the color of sols is a function of the 
size of the molecular or atomic aggregates of the dispersed phase, it is not 
surprising to learn that the previous condition of carbon in the steel has a 
direct bearing upon both quality and intensity of color in the acid solution. 

In the paper under discussion a fairly definite relation is shown to exist 
between color of solution and particle size of carbides. Large particles naturally 
dissolve more slowly than small ones, since the ratio of surface to mass is 
lower. Also the particle size of carbides is greater as the severity of quenching 
diminishes or as the tempering action increases. 

The question might here be raised as to whether this relation between color 
and particle size may be incidental, rather than direct. Variation in rate of 
solution might directly affect the colloidally dispersed molecular aggregates but 
it should have no other effect, since the carbides are supposed to be in complete 
solution before the color comparison is made. On the other hand there is a 
direct—although not necessarily extremely definite—relation existing between 
average particle size and the previous thermal treatment of the steel. This has 
to do not only with definite crystals of the carbide phase but also with the 
atomic dispersion of carbon in alpha or gamma iron. Previous thermal treat- 
ment affects (1) the degree of supersaturation of carbon in alpha iron, (2) 
the proportion of retained austenite, if any, and (3) the degree of supersatura- 
tion of carbon in gamma iron. 

It seems possible that the final color of the acid solution may depend 
partly upon this variation in carbon condition, as well as upon the amount and 
average crystal size of precipitated carbides. While such interdependence might 
not invalidate the general rule relating color to particle size, it would have 
something to do with the fundamental interpretation of the rule. 

It should not be difficult to obtain light upon this phase of the question, 
possibly by the examination of austenitic carbon steel which has been drastically 
quenched in thin sections. Possibly the author already has some information 
concerning this point and the results of his observations should be of interest. 

Written Discussion: By Dr. Albert Sauveur (Deceased).* 

During the last decade of the last century “color” carbon and its com- 
plement, “missing” carbon, were receiving a great deal of attention among a 
small group of metallurgists, and interesting results were being reported. As 
so often happens, however, in similar instances, investigation in this field was 
abandoned, for no apparent reason, but so completely that younger generations 
of metallurgists hardly know the significance of the terms. 

I, for one, welcome its revival, as I believe that further study in this field 
is still capable of yielding information of much value. 

Dr. Shapiro’s paper is a distinct advance in our understanding of the 
significance of color carbon. His results show conclusively that carbon steel, 


“At the time this was written, Dr. Sauveur was associated with Harvard University 
as Gordon McKay Professor of mining and metallurgy. 
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whatever its composition and treatment, is always, barring the possible presence 
of some retained austenite, an aggregate of ferrite and of particles of the car- 
bide FesC and that steels differ from each other in properties chiefly, if not 
solely, because of the size of the carbide particles and of the ferrite grains. 
which vary according to carbon content, to thermal and to mechanical treat- 
ments, hardness and strength increasing as particle size and grain size decrease. 

Dr. Shapiro’s results clearly indicate that the intensity of the color in 
dissolving steel in dilute nitric acid is solely due to the size of the carbide 
particles. The color is minimum in martensite and increases steadily as, 
through agglomeration of the carbide particles, we pass through the troostitic 
and sorbitic stages, being maximum when the steel is spheroidized. 

It is still occasionally stated by some that martensite is essentially a solid 
solution of carbon in alpha iron. That so excessively a supersaturated solid 
solution could exist seems highly improbable. It is much more logical, in 
view of our understanding of the aging phenomenon, to assume that this ex- 
tremely supersaturated solid solution of carbon in alpha iron immediately 
begins to age in the quenching bath, through the precipitation of carbide par- 
ticles submicroscopic in size, perhaps of so-called “critical size,” causing very 
great hardness. 

The belief that the carbon in martensite is present as submicroscopic 
particles of the carbide of iron rather than in solid solution seems to find a 
strong support in the results of the colorimetric determination of carbon which 
yields a decided coloration. If the carbon was in solid solution in alpha iron, 
it is believed that the color would be practically nil. Carbon in solution, 
whether in gamma or in alpha iron, imparts little if any color to the nitric 
acid solution. 

It is suggested that the colorimetric method for the determination of car- 
bon could be used to advantage, seeing that it yields information as to the 
size, relative at least, of the cementite particles, data not obtainable by micro- 
scopical examination, and bearing in mind the close relation between the par- 
ticle size and the properties of the metal. It would in a way complement the 
determination of ferrite grain size by means of the microscope. 

The study made by Dr. Shapiro of the aging phenomenon in the light of 
color carbon has yielded interesting and suggestive results. They should be 
closely studied by those who have investigated the aging of steel. 


Author’s Reply 


In regard to Professor Sauveur’s discussion, I have no comments to make 
since the discussion speaks for itself. 

The experiments suggested by Professor Mahin were made a few years 
ago and are summarized briefly in the paper under discussion. These results, 
as stated in the paper, indicate that the controlling factor in the color carbon 
test is the size of the iron carbide particles since the carbon ir solution in 
either ferrite or austenite does not impart any coloration whatever to the 
acid solution. This fact was brought out by Professor Sauveur in his dis- 
cussion of martensite. 
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CONSTITUTION DIAGRAMS FOR 
IRON-CARBON-MOLYBDENUM ALLOYS 


By J. R. BLANcHARD, R. M. PARKE AND A. J. HERzIG 


Abstract 


Twelve constitution diagrams for the Fe-C-Mo sys- 
tem up to 1.2 per cent carbon and 6.0 per cent molybde- 
num were established from the microscopic and hardness 
examination of forty-one alloys. The diagrams show the 
een nee found in the alloys as water-quenched from 

350, 1450, 1550, 1650, 1750, 1850 degrees Fahr. and as 
saaiene from the same temperatures. 


INTRODUCTION 


N studying the effect of alloying elements in steel many metal- 

lurgists find the constitution diagram (in contradistinction to the 
equilibrium diagram) to be a useful and concise manner of describing 
the fundamental structures actually obtainable in a given alloy sys- 
tem after commercial heat treatments. The constitution diagrams 
for several of the common alloy systems, after at least one condi- 
tion of heat treatment, are already available. This investigation 1s 
intended to establish such constitution diagrams for 1ron-carbon- 
molybdenum alloys, showing characteristic water-quenched and nor- 
malized structures obtainable after controlled heating to six repre- 
sentative temperatures in the range from 1350 to 1850 degrees Fahr. 
(735 to 1010 degrees Cent.). These constitution diagrams differ 
from those previously published on other ferrous systems in that 
the constituent, developed here by the presence of molybdenum, 
which forms at temperatures below that of pearlite formation and 
above that of martensite formation has been recognized and called 
bainite. For a description and identification of this micro-constit- 
uent the reader is referred to an article by J. R. Vilella, G. E. 
Guellich and E. C. Bain (13). 


1The figures appearing in parentheses refer to the bibliography appended to this paper. 


A paper presented before the Twentieth Annual Convention of the Society 
held in Detroit, October 17 to 21, 1938. Of the authors, J. R. Blanchard is 
metallurgical assistant, R. M. Parke is research metallurgist, and A. J. Herzig 
is chief metallurgist, Climax Molybdenum Company, Detroit. Manuscript re- 


ceived July 25, 1938. 
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Obviously the development and interpretation of constitution wh 
diagrams should be consistent with fundamental equilibrium condi- low 
tions for the corresponding system. For this reason, the presenta- 
tion of the constitution diagrams will include a review of the more sys 
important work on transformations and equilibria in the iron-carbon- fol 
molybdenum system. lov 

hig 
REVIEW OF LITERATURE 
Ca 

Early investigators of molybdenum steels found that molybde- , all 
num lowered the Ar, point. Swinden (1) and later French (2), ” 
who confirmed the former work, reported that if the initial heating JR *” 
temperature had not exceeded a certain “lowering” temperature, Jy - 
normal critical points were found on cooling regardless of the rate / 
of heating or time of soaking.? If this “lowering” temperature had 9% 
been exceeded, the normal Ar, point was lowered or split, and as 
the initial heating temperature was increased, the critical point as- r 
sumed a definite low position. ] 7 

More recently, Murakami and Takei (3) concluded from their ’ " 
work that the lowering of the critical points of molybdenum steels 4 
depended on the following factors: " 

n 
(1) Carbon concentration te 
(2) Molybdenum concentration : 

(3) Maximum heating temperature j 
(4) Time of soaking 4 7 
(5) Rate of cooling through the critical region c 
With steels of constant carbon content, the critical point was lowest ; 
in alloys which contained 4.0 to 10 per cent molybdenum. With con- ( 
stant molybdenum content, increasing the carbon content depressed , 
the lowered point until eutectoid carbon concentration was reached ; ; 
beyond this carbon concentration the lowered point was raised again. 


The required maximum heating temperature and time of soaking also 
depended on the chemical composition of the material. 

Murakami and Takei stated that the more rapid the cooling rate 
through the critical range, the more the lowered point was depressed. 
If the steel were cooled very slowly through the critical range, no 
lowering was observed. They asserted that in a molybdenum steel 
whose critical points had been lowered, an acicular ferrite was formed 


2Extended soaking at high temperature did produce a very slight effect. 
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which was not present in steels whose critical points had not been 
lowered. 

Takei (4), in his investigation of the iron-carbon-molybdenum 
system, found that the temperature of the beginning of the Ac, trans- 
formation was almost constant as the molybdenum content of the al- 
loy increased, but the temperature of the end point was generally 
higher. 

The influence of molybdenum on the carbon content of the iron- 
carbon eutectoid was studied by Reed (5) who prepared iron-carbon 
These 
steels were cooled very slowly to approximate equilibrium conditions 
and were examined microscopically to determine the eutectoid com- 
positions. 

Reed reported that the addition of molybdenum progressively 
With 1.10 per 
cent molybdenum the carbon concentration of the eutectoid was 0.80 
per cent, while only 0.20 per cent carbon was needed if the steel con- 
tained 5.10 per cent molybdenum. The results of Reed’s work, along 
with those of Swinden (6) are compared in a diagram by Gregg (7). 

The diagrams of Takei (4) and similar ones by Svechnikov and 
Alferova (8) do not confirm the work of Reed and Swinden. Svech- 
nikov and Alferova state that the eutectoid point shifts very slightly 
to the left under the influence of increasing molybdenum content, but 
at 2.5 per cent molybdenum it is again at 0.90 per cent carbon. There- 
after a considerable shifting of this point toward higher carbon con- 
centration takes place. 


alloys to which he added molybdenum in various amounts. 


lowered the carbon content required for the eutectoid. 


The existence of a double carbide of iron and molybdenum was 
not acknowledged by Swinden (1), contrary to the opinion of Guillet 
(9), who previously had constructed a diagram which distinguished 
the pearlitic molybdenum steels from the double carbide molybdenum 
steels. Later, Read and Arnold (10) analyzed carbide residues of 
high molybdenum steels to determine their chemical composition. 
They confirmed Guillet’s advocation of the formation of a double 
carbide of iron and molybdenum and offered the formula Fe,Mo,C 
or possibly Fe,Mo,C, as the probable representation of its chemical 
composition. These investigators prepared a graph to show the rela- 
tive amounts of Fe,C and Fe,Mo,C in steels with increasing amounts 
of molybdenum. With an increase of molybdenum concentration the 
percentages of Fe,C were shown to diminish and at 18.25 per cent 
molybdenum the free Fe,C had completely disappeared. 
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Gregg (7), in a report of unpublished work by Lester, stated 
that the double carbide forms preferentially to the iron carbide. 
Takei (4), in his investigation of the iron-carbon-molybdenum 
system, verified the double carbide analyses of Read and Arnold. 
He constructed an iron-carbon-molybdenum equilibrium diagram 
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Fig. l—Section at 1470 Degrees Fahr. (800 Degrees Cent.) of the Iron-Carbon 
Molybdenum Equilibrium Diagram Proposed by Takei. 


from the results of his thermal, dilatometric, magnetic and micro 
scopic observations. In Fig. 1 the section at 1470 degrees Fahr. 
(800 degrees Cent.) of the Fe-C-Mo equilibrium diagram, deter- 
mined by Takei, is reproduced. 

The iron-rich sections of the ternary system presented by Takei 
are distinguished from the Fe-Fe,C system chiefly by the presence 
of a double carbide of iron and molybdenum, designated omega 
phase. The omega phase is formed by the reaction 

Melt + Mo,C = omega 
and can be detectci! in the microstructure by either of two etchants, 
the Murakami reagent, used by Takei, or the Yatsevich reagent," 
used by Svechnikof and Alferova. These reagents color the omega 
phase and leave the Fe,C unattacked, whereas sodium picrate, which 
is used to darken Fe,C, also darkens the double carbide. 




















*The Yatsevich etch prepared as follows was used in the present investigation for 
identification of the omega phase: 100 ml H,O + 10 g Na,Oz + 30 ml 30 per cent H,O:. 
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The microstructures of molybdenum steels have been reported 
by various investigators to be not much different from those of plain 
carbon steels. Takei (4) stated that the martensite formed in the 
ternary system was very similar to that obtained in the binary sys- 
tem Fe-Fe,C. Swinden (1), (6) described the structures observed 
in his molybdenum steels (carbon 0.20 to 1.15 per cent; molybdenum 
| to 8 per cent) after various heat treatments. With steels in the as- 
rolled condition “the pearlite was very sorbitic and the structure was 
very fine.” The annealing treatment “ ‘concentrated’ the pearlite.” 
Very fine pearlite was observed in the normalized specimens. The 
hardened steels in all instances consisted of a “ground mass of mar- 
tensite—very pale for the mild steels but fairly dark for the hard 
steels.” —Tempering “converted martensite into dense troostite” and 
in some cases “the troostite was intermingled with very fine pearlite.” 

Rees (11) studied the structure and physical properties of two 
0.09 per cent carbon steels which contained 3.95 per cent molybdenum 
and 6.0 per cent molybdenum. In these molybdenum alloys the 
ferrite which formed the ground mass of the structure after quench- 
ing at 1830 degrees Fahr. (1000 degrees Cent.) was said to have 
contained Fe,Mo, and Fe,C in solution. 

After quenching from 1470 degrees Fahr. (800 degrees Cent.) 
the microstructure of the two steels showed a coalescence of carbide 
which gave rise to a minimum hardness. After a quench jfrom 1830 
degrees Fahr. the 3.95 per cent molybdenum steel consisted of mar- 
tensite and molybdenum ferrite, and the structure of the 6 per cent 
molybdenum sample contained these constituents plus particles of 
Fe,Mo, at the grain boundaries and scattered throughout the grains. 

Svechnikov and Alferova (8) investigated the steel corner of 
the iron-carbon-molybdenum system by means of dilatometric, 
thermal, magnetic and microscopic analyses. The sections of the 
ternary diagram which they present are reasonably similar to Takei’s 
diagrams for that part of the system. 

In alloys containing 2.5 per cent molybdenum and more, sec- 
tions of a special structure were observed together with a plate-like 
eutectoid structure resembling pearlite and surrounding the latter. 
In this structure the plate-like components, different from pearlite, 
intersected each other with the formation of figures resembling a 
Widmanstatten structure. This same structural component was ob- 
served previously in chromium-molybdenum and copper-molybde- 
num steels. 
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PROCEDURE 





Forty-one iron-carbon-molybdenum alloys low in sulphur and 
phosphorus, and containing manganese and silicon in amounts suffi- 
cient to produce a killed heat, were used in this investigation. These 
alloys are grouped roughly into six carbon series, 0.05, 0.20, 0.40, 
0.65, 0.85 and 1.20 per cent carbon; each carbon series is composed 
of alloys with molybdenum ranging from 0.0 to 6.0 per cent molyb- 
denum (approximately ). 

The alloys were melted in an acid lined, 30-pound high frequency 
induction furnace. No aluminum additions were made. The ingots 
were forged into l-inch round bars and ground to 34-inch round. 
The bars were cut into 1%-inch long specimens which were nor- 








Table I 
Chemical Composition of Alloys 





































- - -Per Cent 

Carbon Molybdenum Manganese Silicon 
0.05 0.04 0.14 0.07 
0.05 0.39 0.14 0.08 
0.05 0.80 0.11 0.07 
0.05 1.55 0.11 0.10 
0.05 3.17 0.15 0.13 
0.05 5.93 0.12 0.07 
0.24 0.03 0.17 0.15 
0.19 0.20 0.14 0.10 
0.29 0.42 0.16 0.14 
0.29 0.81 0.15 0.17 
0.17 1.49 0.15 0.12 
0.19 3.09 0.14 0.11 

19 5 .14 













.40 


19 











0.45 0.20 0.21 0.19 
0.40 0.40 0.18 0.13 
0.38 0.78 0.16 0.14 
0.38 1.70 0.16 0.15 
0.37 3.17 0.17 0.11 
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Fe Ferrite 
C= Cementite 
w- Double Carbide 
= P-=Peeariite 
= B-Bainite 
W -Wiomenstatten 
M =Mertensite 





Carbon, Percent 


O ] Cc 3 4 5 6 
Molybdenum, Percent 


fig. 2—Constitution Diagram, 1850 Degrees 
Fahr. Air-Cooled. 


14 
F= Ferrite 
C= Cementite 
12 w= Double Canbiole 
P= Peariite 
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Fig. 3—Constitution Diagram, 1750 Degrees Fahr. 


Air-Cooled. 
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F-fermite, C-Cermentite, 
8-Bainite, P= Pearilite 
w-=Double carbide 

W-Wiomenstéatten 
















FeO+Bew | 
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Fig. 4—Constitution Diagram, 1650 Degrees 
Fahr. Air-Cooled. 
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Fig. 5—Constitution Diagram, 1550 Degrees 
Fahr. Air-Cooled. 
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(— F= Ferrite 
| C=- Cementite 
w= Double Carbioe 
—|— P= Peeriite 
8B -Baeinite 
W -Wiornenstatten 


{—_4 


Carbon, Percent 





Molybdenum, Percent 


Fig. 6—Constitution Diagram, 1450 Degrees Fahr. 


Air-Cooled. 
14 
F-ferrite P=Pesriite 

12 C-Cementite w-Double Carbide 
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Fig. 7—Constitution Diagram, 1350 Degrees 
Fahr. Air-Cooled. 
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F= Ferrite | 

- Be Bainite ——T— 
w= Double Carbide 
P = Peariite 
M = NMertensite —— 


Mrw 


Molyboenum, Percent 


Fig. 8—Constitution Diagram, 1850 Degrees 
Fahr. Water-Quenched 


Fe Ferrite 
B= Beinite ’ 
w= Double Carbide 
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7% 9—Constitution Diagram, 1750 Degrees 
Fahr. Water-Quenched. 





ptember 1939 IRON-CARBON-MOLYBDENUM ALLOYS 707 


14 
’ f= Ferrite 
12 |} #11 B- Boinite 
w= Double Carbide 
10+--— 1h +———+— M = Martensite —— 
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Fig. 10—Constitution Diagram, 1650 Degrees 
Fahr. Water-Quenched. 
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Fig. 11—Constitution Diagram, 1550 Degrees 
Fahr. Water-Quenched. 
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Fig. 12—Constitution Diagram, 1450 Degrees 
Fahr. Water-Quenched. 
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Fig. 13-—-Constitution Diagram, 1350 Degrees 
Fahr. Water-Quenched. 
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Table II 
Hardness of Iron-Carbon-Molybdenum Alloys Quenched in Water—Rockwell “C” Scale 


— — —_ 


Quenching Temperature—Degrees Fahr.———, 


Cc Mo 1350 1450 1550 1650 1750 1850 
0.05 0.04 10 6 2 2 1 2 
0.05 0.39 10 8 l 7 10 5 
0.05 0.80 12 8 4 8 10 7 
0.05 1.55 4 6 ] 5 16 18 
0.05 3.17 4 3 l 7 12 15 
0.05 5.93 4 5 4 + —1] 4 
0.24 0.03 6 17 18 26 34 33 
0.19 0.20 8 17 15 19 17 28 
0.29 0.42 12 35 33 32 42 43 
0.29 0.81 ll 37 46 44 42 44 
0.17 1.49 16 22 32 41 38 39 
0.19 3.09 25 22 22 40 44 43 
0.19 5.80 3 3 4 15 27 38 
0.40 0.02 23 27 29 31 40 25 
0.45 0.20 30 47 40 44 46 4&8 
0.40 0.40 30 51 45 43 44 49 
0.38 0.78 25 51 44 45 44 4y 
0.38 1.70 32 48 41 44 48 52 
0.37 3.17 33 40 44 44 47 50 
0.39 5.74 29 31 37 44 48 50 
0.81 0.02 45 52 45 51 52 55 
0.66 0.20 48 50 7 49 51 52 
0.58 0.40 43 46 47 50 52 52 
0.67 0.88 46 53 52 53 53 55 
0.78 1.63 §2 56 54 55 56 57 
0.80 3.16 53 52 55 56 59 59 
0.68 5.86 44 54 53 54 57 57 
0.87 0.02 43 55 54 56 62 58 
0.88 0.20 54 58 56 57 58 60 
0.95 0.40 57 57 55 62 57 2 
0.89 0.79 7 57 54 59 57 62 
0.85 1.59 43 58 57 59 58 63 
0.86 3.17 44 59 58 60 59 61 
0.88 6.34 52 59 57 60 60 62 
1.20 0.02 41 48 52 54 62 60 
1.15 0.22 50 55 62 55 63 60 
1.14 0.45 59 61 58 57 65 56 
1.12 0.76 61 62 60 59 62 59 
1.12 1.62 59 62 61 61 61 59 
1.10 3.11 63 61 62 62 62 60 
1.33 6.07 64 63 65 60 65 61 


80 degrees Cent.) and sandblasted 
to remove scale prior to heat treatment. Twelve heat treatments 
were used—a water quench and an air cool in still air from 1350, 
1450, 1550, 1650, 1750 and 1850 degrees Fahr. (735, 790, 845, 900, 
955 and 1010 degrees Cent.). Each specimen was cut into two pieces 


’% inch long for microscopic work and hardness measurements. In 


malized at 1800 degrees Fahr. (‘ 


all cases the hardness and microstructures were taken at a point equi- 
distant from the center and the cylindrical surface of the specimens. 

Table I gives the chemical composition of the alloys. The hard- 
nesses of each of the alloys after each heat treatment are given in 
Tables II and III. In Figs. 2 to 13 the constitution diagrams are 
presented. (A chart showing the distribution of the alloys accord- 
ing to composition is given in Fig. 23.) 
















TRANSACTIONS OF THE A. S. M. September 


The boundaries which enclose the compositions having the same 
structural types were located by estimation of the relative amounts 
of each micro-constituent and while not precisely determined can be 
regarded as reasonably accurate. The diagrams are therefore con. 
sidered to give a useful picture of the structural changes which take 
place in this system as a result of the heating temperatures and the 
cooling rates used. 










MICROSTRUCTURE 





In examining the microstructures of the alloys, the following 
constituents were recognized: 
1. Ferrite 
Pearlite 
Bainite 
Martensite 
Carbide (of cementite type) 

























ue WN 


6. Double carbide of iron and molybdenum (omega) 
Where the treatment resulted in the formation of the Widmanstatten 
pattern, this was also noted in the constitution diagrams. 


Omega Phase 

The only phase appearing in these alloys which is not possible 
in iron-carbon alloys is the double carbide of iron and molybdenum. 
This phase was identified in all the specimens containing 1.5 per cent 
or more molybdenum with the exception of those containing only 
0.20 and 0.05 per cent carbon. As indicated in the diagrams, the 
double carbide or omega phase will appear in alloys with only slightly 
more than 1 per cent molybdenum when the carbon content is above 
the eutectoid composition. The typical appearance of the omega 
phase is illustrated in Fig. 14 where omega (white) is associated 
with martensite (matrix). In Fig. 15 the omega phase is embedded 
in ferrite and at the grain boundaries. In lower molybdenum spect- 
mens where lesser amounts of the double carbide occur it is neces- 
sary to use the Yatsevich etch (or Murakami reagent) for positive 
identification of this phase. 
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Widmanstatten Structure 

In the constitution diagrams for the normalized condition, areas 
marked “W” (Widmanstatten) will be found. Fig. 16 shows the 
structure so named. The authors are unable to identify the dark 
areas as fine lamellar pearlite, which is the common interpretation cf 
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Table Ill 
Hardness of lIron-Carbon-Molybdenum Alloys Normalized—Rockwell ‘‘C” Scale 








-———Normalizing Temperature—Degrees Fahr.———_, 


€ Mo 1350 1450 1550 1650 1750 1850 
0.05 0.04 20 —16 -20 -22 —18 —20 
0.05 0.39 12 —7 —10 —12 —9 —12 
0.05 0.80 10 6 —4 —9 —6 —5 
0.05 1.55 —8 2 3 5 5 —6 
0.05 3.17 7 & 10 —4 —5 4 
0.05 5.93 —5 6 9 —7 —5 —1 
0.24 0.03 15 12 6 6 -~6 —§8 
0.79 0.20 15 14 10 —10 —§ an 
0.2 0.42 l 3 8 8 10 11 
0 0.81 7 9 17 17 18 17 
0.17 1.49 14 10 5 16 19 20 
0.19 3.09 23 y 7 12 13 31 
0.19 5.80 4 0 ] 4 5 10 
0.40 0.02 2 2 2 3 3 3 
0.45 0.20 4 11 12 14 14 15 
0.40 0.40 8 14 14 14 14 14 
0.38 0.78 11 17 18 20 19 18 
0.38 1.70 18 17 25 26 27 26 
0.37 3.17 24 17 18 30 32 33 
0.39 5.74 25 17 17 18 32 36 
0.81 0.02 18 25 26 27 27 28 
0.66 0.20 17 23 23 24 24 25 
0.58 0.40 16 22 18 23 23 23 
0.67 0.88 22 30 32 33 32 32 
0.78 1.63 2% 33 34 39 43 43 
0.80 3.16 30 34 35 39 44 53 
0.68 5.86 28 34 33 35 38 39 
0.87 0.02 15 27 29 28 29 29 
0.88 0.20 16 30 33 34 34 34 
0.95 0.40 7 33 36 37 38 38 
0.89 0.79 20 34 37 36 36 37 
0.85 1.59 23 33 34 36 38 39 
0.86 3.17 25 36 36 37 40 44 
0.88 6.34 25 36 36 37 39 42 
1.20 0.02 16 23 29 30 35 35 
1.15 0.22 15 23 31 40 40 40 
1.14 0.45 25 32 38 43 43 42 
1.12 0.76 29 35 39 42 55 45 
1.12 1.62 30 36 38 40 43 46 
1.10 3.11 33 39 39 39 42 59 
1.33 6.07 34 39 40 40 42 46 


this constituent. Even observation at high magnification (> 1500, 
oil immersion) disclosed no lamellar structure and, to be strictly ac- 
curate, ferrite and carbide is suggested as a truer identification. The 
carbide may be in sub-microscopic lamellae or in fine spheroids, more 
probably the latter. 


Martensite 


In examining the series of quenched structures in this system it 
is observed that the martensitic needles become smaller as the molyb- 
denum content increases, somewhat paralleling the austenitic grain 
size. At high molybdenum content the familiar acicular structure is 
not much in evidence unless the carbon content is also very high. 
he martensite in Fig. 17 (1.33 per cent carbon, 6.07 per cent molyb- 
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Fig. 14—Alloy Containing 0.68 Per Cent Carbon, 5.86 Per Cent 
Water-Quenched from 1650 Degrees Fahr., Showing 
Martensite. Etched in 2 Per Cent Nital. x 1500. 

Fig. 15—Alloy Containing 0.05 Per Cent Carbon, 5.93 Per Cent Molybdenum, 
Normalized from 1450 Degrees Fahr., Showing Ferrite and Omega Phase. Etched in 
2 Per Cent Nital. x 500. 

Fig. 16—Alloy Containing 0.29 Per Cent Carbon, 0.42 Per 
Normalized from 1850 Degrees Fahr., Showing Typical 
Etched in 2 Per Cent Nital. x 500. 


Molybdenum, 
Omega Phase in Granular 


Cent Molybdenum, 
Widmanstatten Structure. 





Water-Quenched from 
Etched in 2 Per Cent Nital. 
: Containing 0.88 
Water-Quenched from 
Per Cent Nital. 
-Alloy Containing 0.05 
Water-Quenched from 1750 Degrees Fahr., Showing Low Carbon Martensite. 
Per Cent Nital. 
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Molybdenum, 
Molybdenum Martensite. 


Fahr., Showing 


Per Cent 
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6.34 Per Cent 
Showing Modified Martensite. 
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Fig. 20—Alloy Containing 0.89 Per Cent Carbon, 0.79 Per Cent Molybdenum, 
Normalized from 1750 Degrees Fahr., Showing Bainite. Etched in 4 Per Cent Picral 

1000. 

Fig. 21—Alloy Containing 0.89 Per Cent Carbon, 0.79 Per Cent Molybdenum, 
Normalized from 1850 Degrees Fahr., Showing Bainite. Etched in 4 Per Cent Picral 

1000. 

Fig. 22—Alloy Containing 0.05 Per Cent Carbon, 3.17 Per Cent Molybdenum 
Water-Quenched from 1850 Degrees Fahr., Showing Two Ferrite Phases of Different 
Origins. Etched in 2 Per Cent Nital. x 500. 
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denum), while yet acicular, is much finer than plain carbon martens- 
ite. Fig. 18 (0.88 per cent carbon, 6.34 per cent molybdenum) re- 
veals more definitely the modification which is operating and in the 
extreme case, Fig. 14 (0.68 per cent carbon, 5.86 per cent molybde- 
num), the martensite appears almost as a granular rather than acic- 
ular matrix, as in high speed steel, quenched from too low a tem- 
perature and heavily etched. 

The effect of lower molybdenum contents on the structure of 
low carbon martensite is not apparent, as may be seen in Fig. 19 
(0.05 per cent carbon, 0.39 per cent molybdenum). 


Batinite 


That bainite was produced at all in these alloys by conventional 
heat treatment might be regarded as unusual in consideration of the 
form of the transformation curve (so-called “S-curve”) for plain 
carbon steels. That it can occur as a result of molybdenum content 
is evidenced by the fact that areas consisting almost entirely of this 
constituent were located. Figs. 20 and 21 are presented as illustra- 
tions. 

The presence of bainite in appreciable amounts indicates that the 
addition of molybdenum brings about significant changes in the 
shape of the transformation curves. The nature and extent of these 
changes are already being investigated by the authors and by others, 
and it has been found that in certain alloy steels the slow transforma- 
tion rate at higher temperatures distorts the “S-curve” far to the 
right, and that a moderate cooling rate is adapted to cause transfor- 
mations above the temperature for martensite. The distinction be- 
tween the constituent bainite and the constituent martensite is inher- 
ently net so clear cut as it appears in a comparison of Figs. 21 and 17. 
for this reason, this transition is indicated in the diagrams by shaded 
areas. The distinction between bainite and pearlite, however, is 
marked and can be readily made as soon as one has had the opportu- 
nity to examine several typical structures. 


Pearlite 
In the study of the structures no apparent change in the mani- 


testation of pearlite was noticed as a result of the content of molyb- 
denum. Obviously both the amount of pearlite and its lamellar spac- 
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ing change as the rate and temperature of transformation are varied 
by molybdenum additions. However, when once formed, nothing 
characteristic of the molybdenum content could be detected in this 
constituent. 

Ferrite 


The only interesting point in connection with the occurrence of 
this phase in these alloys is illustrated in Fig. 22. This structure, 
consisting of ferrite, martensite and omega, shows boundaries in the 


14 


5 
Molybdenum, Percent 
Fig. 23—Chart Showing Distribution of Analyses 


of the 41 Iron-Carbon-Molybdenum Alloys. 
ferrite concentric with the martensitic areas. The areas adjacent to 
the martensite are pro-eutectoid ferrite. The remaining ferrite is 
that which did not transform to austenite at the temperature of heat 


ing prior to quenching. 
Carbide of Cementite Type 


While this carbide phase probably contains molybdenum in solu 
tion, the amounts are not known and any difference in etching char 
acteristics from pure cementite was imperceptible. 
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to 1.2 per cent carbon and O to 6.0 per cent molybdenum 
were prepared. 


bho 


The structural characteristics and hardnesses of these alloys 
were determined both in the quenched and in the normalized 
conditions, using temperatures from 1350 to 1850 degrees 
Fahr. in’ 100-degree-Fahr. intervals. 

3. Constitution diagrams were constructed on the basis of the 
observations made. 


CONCLUSION 


Structurally, the primary effect of molybdenum appears to be 
one of restriction of austenite grain growth, or refinement when act- 
ing in the presence of carbon. That its presence when dissolved in 
austenite produces important changes on the rate of transformation 
curves is indicated by the frequent and extensive occurrence of the 
direct transformation product, bainite. It strongly retards the trans- 
formation of austenite, thereby inducing high hardenability. 

The authors believe that temperature-dilation curves of molyb- 
denum steels, showing split criticals, are simply the recording of the 
proportionate transformations occurring at two different points on 
the “S-curve.” A moderate shift of the nose of the “S-curve” to the 
right always results in an apparent lowering of the critical point. 

The omega phase appears to be well established and its occur- 
rence in commercial molybdenum steels containing more than 1.5 
per cent molybdenum cannot be questioned. 

This work points out the desirability of more careful study of 
the solubility of molybdenum in Fe,C, and especially the shift of the 
Acm line due to molybdenum. The authors propose a study of these 
points in a continuation of this work. 
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HARDNESS GRADIENTS IN 
TEMPERED STEEL CYLINDERS 


By C. A. Rowe AnpD R. A. RAGATz 


Abstract 


Curves are presented which show the hardness 
gradients in 1-inch diameter cylinders after quenching and 
after tempering. Results are shown for nine different 
plain carbon steels varying in carbon content from 0.17 
to 1.20 per cent, and for tempering temperatures ranging 
from 400 to 1275 degrees Fahr. Photomicrographs for 
three typical steels show a close correlation between the 
structural changes observed and the results of the hard- 
ness surveys. 


INTRODUCTION 


HE numerous investigations on the hardenability of steel which 

have been carried out in recent years have resulted in the pub- 
lication of many graphs showing hardness gradients in quenched 
steel cylinders. Such studies appear to have been confined almost 
exclusively to specimens in the “‘as-quenched” state. It was felt that 
results of interest and value would be obtained by making a study 
of the hardness variations existing in steel cylinders that were tem- 
pered after quenching. This paper presents the results of such an 
investigation. 

The selection of a sufficiently large section diameter for cylin- 
drical specimens will result in incomplete hardening on quenching. 
An outer shell of hard martensite will form, surrounding an inner 
core of much softer “fine pearlite” (primary troostite), with an 
intervening transition zone containing both constituents. If speci- 
mens of such character are subjected to various tempering treatments, 
a hardness survey across the section will reveal the effect that a 
given tempering treatment will have on martensite and “fine pearlite”’ 
of identical composition. 

It was anticipated that the relative hardness changes exhibited 


A paper presented before the Twentieth Annual Convention of the Society 
held in Detroit, October 17 to 21, 1938. Of the authors, C. A. Rowe is con- 
nected with the chemical engineering department, and R. A. Ragatz is associate 
professor of chemical engineering, The University of Wisconsin, Madison, Wis. 
Manuscript received July 25, 1938. 
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by the shell and core might provide some evidence regarding the 
structural identity or nonidentity of primary and secondary troostite, 
If it is postulated that the decomposition products of martensite are 
structurally identical with primary troostite, it would follow that 
entirely flat hardness traverse curves should be obtained on temper- 
ing at temperatures above that necessary to reduce shell and core to 
identical hardness. If, however, the experimental results show a 
differential of hardness between shell and core for those tempering 
temperatures that lie above that needed to bring shell and core to 
identical hardness, then the hypothesis that primary and secondary 
troostite are structurally identical is hardly tenable. 

It is realized that the work of Lucas on the microstructure of 
primary troostite at high magnifications and the work of Bain and 
associates on the transformation of austenite at subcritical tempera- 
tures have led to the quite general, though not universal, acceptance 
of the lamellar character of primary troostite and of the spheroidal 
character of the decomposition products of martensite. However, it 
was felt that some additional evidence deduced from hardness surveys 
would be an interesting by-product of the present investigation. 


EXPERIMENTAL METHOD 


The Steels Used—Nine plain carbon steels varying from 0.17 to 
1.20 per cent carbon were employed in this investigation. The com- 
position and history of the various steels, as fully as known, are 
recorded in Table I. The six steels varying from 0.17 to 0.86 per 
cent carbon were hot-rolled basic open-hearth steel, and were re- 
ceived in the pearlitic state. The steel of lowest carbon content, 
(0.17 per cent) was evidently a rimmed steel, as the etched cross 
section exhibited an approximately rectangular core of segregated 
material which occupied the greater part of the cross section. The 
three steels of highest carbon content, (0.88 to 1.20 per cent), were 
annealed carbon tool steel, and exhibited the usual spheroidal struc- 
ture when examined microscopically. Steels SR96 and 97 have 
approximately the same composition, but the former is a deep hard 
ening tool steel while the latter is a shallow hardening tool steel. The 
three tool steels were made in the basic electric furnace and were 
hot-rolled to shape. All materials in the investigation proper were 
used in the “as-received” state, without the application of normalizing 
or other pre-quench treatments. 
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In order to ascertain the uniformity of each stock material, 
Rockwell hardness surveys were made on two samples of each mate- 
rial in the annealed state. As indicated above, the three tool steels 
were received from the manufacturer in the annealed state, and it 
was therefore unnecessary to apply any further treatments to these 
three materials. The other six steels, being in the hot-rolled state 
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Fig. 1—Averaged Results of Two Traverses for Nine 
Different Steels. 


as supplied by the manufacturer, were annealed in a laboratory fur- 
nace, using temperatures in accordance with the recommendations 
given in the A.S.M. Handbook. The averaged results of the two 
traverses for each steel are presented in Fig. 1. The curves show 
only slight variations in hardness from center to surface, indicating 
that the materials were of sufficient uniformity for the purposes of 
the present investigation. 

Preparation of Specimens for Quenching—Cylinders 1-inch in 
diameter and 4 inches in length were machined from the “‘as-received” 
stock bars and were finished with No. 150 emery cloth. The diameters 
were held to 0.003 inch. A diameter of 1l-inch was considered to 
be the most suitable for the present investigation. It may be noted 
that this is in accordance with the recommendation of Burns, Moore, 
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Table I 
Data on Steels Used 





Identifi- Stock Quenchin; 
cation Bar Temperatu: 

Number ce Mn P S Si Cr Ni Diameter Degrees Fa! 

. Per Cent———_____,, 

SR87 0.17 0.47 0.010 0.036 1%” 1650 
SR92 0.34 0.74 0.025 0.032 1%” 1550 
SR89 0.46 0.70 0.015 0.023 1%” 1500 
SR85 0.60 0.53 0.018 0.031 baste 1%” 1500 
SR84 0.73 0.56 0.018 0.028 0.18 14” 1500 
SR86 0.86 0.41 0.015 0.032 0.19 1%” 1435 
SR97 0.88 0.25 0.013 0.009 0.12 0.08 0.10 1%” 1425 
SR96 0.90 0.30 0.012 0.012 0.22 0.12 0.04 1%” 1425 
SR95 1.20 0.34 0.01¢ 0.009 0.22 0.10 0.08 1%” 1425 


The first six steels were basic open-hearth, hot-rolled steels with a pearlitic structur: 
The last three steels were basic electric, hot-rolled, annealed with spheroidal structure 













and Archer’ that a diameter of 1 inch be used for evaluating the 
hardenability of plain carbon steels. 

Quenching Treatments—An electrically heated muffle furnace 
was brought to the desired quenching temperature and allowed to 
regulate at temperature until thermal equilibrium was established 
within the furnace. Two of the steel cylinders were inserted into 
the muffle, and supported on refractory wedges. The time was noted 
when the desired temperature was regained, and the specimens were 
left in the furnace for one half hour from this noted time. They 
were then removed and quenched, one at a time, in a tank of 5 per 
cent lye solution which was kept at 65 to 75 degrees Fahr. 

Temperatures were measured and controlled by means of a 
calibrated 8-gage chromel-alumel thermocouple, connected to a con- 
troller-indicator of the millivoltmeter type. 

The heat treating procedure as regards temperature and time 
conforms to the recommendations of the A.S.M. Handbook. The 
quenching temperatures used are indicated in Table I. 

Preparation of Specimens for Tempering—Disks one-fourth 
inch thick were cut from the hardened steel cylinders, making dis- 
cards of at least 1 inch from each end of the cylinders. Such 
discards were found to be sufficient to eliminate end cooling effects. 

All cut-off work was done by means of a ;y-inch carborundum 
wheel, with a jet of cold water applied to the wheel directly where 
the cut was being made. Extreme care was used to prevent the 
introduction of tempering effects. A proper cut-off procedure was 


1J. L. Burns, T. L. Moore and R. S. Archer, “Quantitative Hardenability,”” Transac- 
tions, American Society for Metals, Vol. 26, 1938, p. 1-36 
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Fig. 2—-Polished and Etched Section of “‘As-Quenched’’ 
Material. Upper—Proper Cut-Off Procedure. Lower—Im- 
proper Cut-Off Procedure. 


worked out through the information gained in examining polished 
and etched sections after cutting. Even slight tempering from the 
cut-off operation will give the effect shown in the lower macrograph 
of Fig. 2. The upper macrograph of Fig. 2 shows the appearance 
if tempering effects are absent. 
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After the cut-off operation, a Rockwell hardness traverse was 
run on one of the flat surfaces of each disk and supplementary 
readings were taken on the outer cylindrical surfaces. Thus, a hard- 
ness gradient curve prior to tempering was established for each 
individual specimen. For a given steel, these hardness gradient 
curves when superimposed upon one another showed very satis- 
factory checks. 

Sufficient disks of each kind of steel were cut to provide two 
specimens for each tempering treatment. 

Tempering Treatments—Tempering temperatures of 400, 600, 
800, 1000, 1200, and 1275 degrees Fahr. (205, 315, 425, 540, 650, 
and 690 degrees Cent.) were employed. 

All treatments were carried out in a salt bath, heated in an 
electric furnace which utilized the same temperature measuring and 
control system that was employed in the quenching treatments. Com- 
mercial heat treating salts which effectively prevented scale forma- 
tion and decarburization were used as bath material. Microscopic 
examination showed no evidence of decarburization except with the 
0.17 per cent carbon steel tempered at the two highest temperatures. 
The effect in these two instances was extremely slight. 

The salt bath was brought up to the desired tempering tempera- 
ture and allowed to control at temperature for at least one-half hour 
to insure the establishment of steady state thermal conditions. The 
disks to be tempered were placed on edge in a wire rack in such a 
way that no specimens were in contact. The wire rack and contents 
were lowered into the salt bath. The time was noted when the 
desired temperature was regained. The specimens were left in the 
furnace for one hour after this noted time. All specimens were air- 
cooled after the completion of the tempering treatment. The temper- 
ing cycle conforms to Palmer’s* suggestion that one hour is suitable 
for most commercial tempering treatments. 

After grinding with emery paper, Rockwell hardness traverses 
were run across one of the flat surfaces of each specimen, taking 
readings on the surface opposite to that used for the hardness 
traverses in the “as-quenched” state. Cylindrical surface hardness 
readings were also taken. 

Operation of the Rockwell Hardness Tester—All hardness read- 
ings were made with a standard model Rockwell hardness tester. In 








2F. R. Palmer, “Tool Steel Simplified,”’ 1937, p. 120. 
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veneral, the customary limits of C20 minimum and B100 maximum 
were observed in taking the hardness data. However, there were 
some borderline cases where it was necessary to go below C20 or 
over B100 in making a hardness traverse from surface to center. 

In making hardness traverses, it was observed that when the 
edge of the specimen was approached too closely, the Rockwell read- 
ing declined, presumably due to inadequate support of the penetrator 
on the side towards the edge. Such low hardness readings obviously 
are of no significance and were rejected. 

Due to the fact that readings cannot be taken close to the edge 
when making a traverse of a flat surface, considerable importance 
attaches to the readings taken on the outer cylindrical surfaces. The 
question was raised whether or not the readings taken on the surface 
of a cylinder l-inch in diameter could be regarded as true hardness 
values, the thought being that the curvature might tend to produce 
low hardness readings. In order to answer this question, flat sur- 
faces approximately ;%;-inch wide were ground on the cylindrical 
surfaces of a series of specimens selected to cover the range of hard- 
ness values to be encountered in the investigation. A comparison of 
the hardness readings obtained on the flat surfaces with those taken 
directly on the cylindrical surfaces showed almost identical checks, 
both when using the C and B penetrators. These results not only 
indicate the correctness of readings taken directly on the cylindrical 
surfaces, but also indicate that decarburization effects are negligible. 

In the case of the rimmed steel (SR&87, C = 0.17 per cent) it 
was necessary to polish and etch each specimen in order to orient the 
central segregated region with respect to the hardness traverses. The 
diametral traverse lines were run perpendicular to the boundary of 
the central rectangular core of segregated material. 

In making all hardness traverses, the individual impressions 
were separated sufficiently to prevent error in the readings. The 
device of staggering the readings, rather than of having all in the 
same line, was adopted in order to secure more readings. 

RESULTS OBTAINED 

Hardness Gradients—In order to show the accuracy of the 
experimental data, detailed curves are presented in Figs. 3, 4 and 5 
for the 0.88 per cent carbon tool steel. It will be observed that very 
satisfactory checks were obtained between duplicate specimens, and 
that the individual points line up to give smooth curves. 
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Fig. 6—Averaged Results of the Effect of Tem- 


pering on Two Different Steels. 

To avoid the possibility of a misunderstanding, it should be 
pointed out that the traverses for the annealed specimens given in 
Fig. 5 apply to material that was only given an anneal, without the 
application of any quenching treatment. 
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The average results for the various steels are presented in Figs, 
6,7 and 8. The following points are evident from an inspection of 
the curves: (1) The martensitic shell shows a considerable decline jy 
hardness before any change in hardness is observable in the core. 
(2) The core starts to drop in hardness before the martensitic shell 










is lowered to the core hardness of the ‘“‘as-quenched” material. (3) 
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_ Fig. 7—Averaged Results of the Effect of Tem- 
pering on Four Different Steels. 





At the higher tempering temperatures, a reversal of relative hardness 
occurs, with the outer shell of tempered martensite becoming softer 
than the core. 

The reversal of hardness at the higher temperatures indicates that 
primary troostite is not identical structurally with the decomposition 
products of martensite. If it were held that primary troostite had 
the same structure as the decomposition products of martensite 11 
would follow that a series of flat hardness traverse curves would be 
obtained for those tempering temperatures above that needed to 
bring shell and core to identical hardness. The experimental curves, 
however, show that this condition is not fulfilled, hence it must be 
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concluded that primary and secondary troostite are not structurally 
identical. 

Surface Hardness Versus Carbon Content—In Fig. 9 are plotted 
curves showing the variation of surface hardness with carbon content. 
The curve for the “as-quenched” state is in good agreement with 
similar curves presented by other writers.*** 
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_ Fig. 8—Averaged Results of the Effect of Tem 
pering on Three Different Steels. 


The curves for various tempering temperatures show that the 


ee 


general form of the curve for ‘“‘as-quenched” material is retained ; 
that is, the curve rises rather rapidly up to approximately 0.7 per cent 
carbon, beyond which the rate of increase is more gradual. It may 
be pointed out that as the tempering temperature rises, the difference 
between the tool steels and the forging steels becomes more apparent. 
It should be pointed out that microscopic examination of the 
Se Burns, T. L. Moore and R. S. Archer, “Quantitative Hardenability,’”’ Transac- 
r1ons, American Society for Metals, Vol. 26, 1938, p. 1-36. 
‘H. J. French and O. Z. Klopsch, “‘Quenching Diagrams for Carbon Steels in Relation 


to some Quenching Media for Heat Treatment,” Transactions, American Society for 
Steel Treating, Vol. 6, 1924, p. 251-294. 
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various “as-quenched” specimens showed a completely martensitic 
structure (with free carbide in the case of the three tool steels) at 
the outer surface, with no primary troostite present. This was true 
even with the specimens of the lowest carbon content (0.17 per cent). 

Macroscopic Examination—The “as-quenched” specimens, after 
polishing and etching, all had the ~eeeas appearance shown by the 
C70 
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Fig. 9—Showing Variation of Surface Hardness 
with Carbon Content. 


10 12 


upper specimen of Fig. 2. On tempering, the sharply delineated 
distinction between shell and core gradually faded, but it is of inter- 
est to note that even after tempering at 1275 degrees Fahr. (690 
degrees Cent.), the outer shell could still be distinguished from the 
core. This suggested that differences in microstructure would be 
observed between shell and core, even at the highest tempering tem- 
peratures. 

Microscopic Examination—One specimen of each kind was 
polished and etched for metallographic examination, and studied 
under high magnification. 
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_ Fig. 10—Photomicrographs Showing Typical Shell and Core Structures of Hypoeutectoid 
corging Steel. Carbon Content 0.46 Per Cent; Etchant, 5 Per Cent Picral, 5 Seconds. 
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_ Fig. 10—Photomicrographs Showing Typical Shell and Core Structures of Hypoeutectoid 
Forging Steel. Carbon Content 0.46 Per Cent; Etchant, 5 Per Cent Picral, 5 Seconds 
x< 2000. 


Shell Core 


T .....+» Quenched and Tempered at 1000 Degrees Fahr. . ot nee 
... Quenched and Tempered at 1200 Degrees Fahr. ........ L 
Quenched and Tempered at 1275 Degrees Fahr. : (4 


Figs. 10, 11 and 12 show typical shell and core structures for a 
hypoeutectoid forging steel (C — 0.46 per cent), a tool steel of 
approximately eutectoid composition (C = 0.88 per cent) and a tool 
steel of hypereutectoid composition (C =— 1.20 per cent). In the 
preparation of these photomicrographs, an etching time of 5 seconds 
in 5 per cent picral was used for all of the specimens. This etch 
was insufficient to develop clearly the structure of the martensite in 
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Fig. 11 -Photomicrographs Showing Typical Shell and Core Structures of Hypereutec- 
gy Steel. Carbon Content 0.88 Per Cent; Etchant, 5 Per Cent Picral, 5 Seconds. 
é ). 
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As-Quenched . i a te an 
Quenched and Tempered at 400 Degrees Faht 
Quenched and Tempered at 600 Degrees Fahr. 
Quenched and Tempered at 800 Degrees Fahr. 
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__ Fig. 11—Photomicrographs Showing Typical Shell and Core Structures of Hypereutec 
og Steel. Carbon Content 0.88 Per Cent; Etchant, 5 Per Cent Picral, 5 Seconds. 


Core 
Quenched and Tempered at 1000 Degrees Fahr. ........ ’ 
Quenched and Tempered at 1200 Degrees Fahr. ........ L 
Quenched and Tempered at 1275 Degrees Fahr. .... N 


the ‘‘as-quenched” specimens, and perhaps was somewhat too strong 
for the martensite tempered at 600 and 800 degrees Fahr. (315 and 
425 degrees Cent.). However, it was felt that a uniform etching 
procedure applied to all of the specimens would serve to emphasize 
more forcibly the changes produced by tempering. 

In general, it was observed that the martensitic shell shows 
detectable changes at tempering temperatures of 400 degrees Fahr. 
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_. Fig. 12—Photomicrographs Showing Typical Shell and Core Structures of Hypereutec- 
toid — Steel. Carbon Content 1.20 Per Cent; Etchant, 5 Per Cent Picral, 5 Seconds. 
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_. Fig. 12—Photomicrographs Showing Typical Shell and Core Structures of Hypereutcc 
toid Tool Steel. Carbon Content 1.20 Per Cent; Etchant, 5 Per Cent Picral, 5 Seconds 
< 2000. 
Core 
Quenched and Tempered at 1000 Degrees Fahr. va 
Quenched and Tempered at 1200 Degrees Fahr. ... L, 
. Ouenched and Tempered at 1275 Degrees Fahr. N 


(205 degrees Cent.) and beyond. The core of fine pearlite shows 
detectable changes in structure at tempering temperatures of 1000 
degrees Fahr. (540 degrees Cent.) and higher. The shell.and core 
exhibit different structures at all tempering temperatures, even at 
the highest temperature used, 1275 degrees Fahr. (690 degrees 
Cent.). At the higher tempering temperatures, the shell shows a 


more coarsely spheroidized structure than does the core, thus explain- 
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ing the fact that for these tempering temperatures, the shell hardness 
falls below that of the core. 
As the carbon content is lowered below the eutectoid point, 






there is an increasing tendency for ferrite to make its appearance in 
the core of the 
is naturally observed in the core of the tempered specimens. Fig. 10. 





‘as-quenched” specimens. In such instances, ferrite 






The forging steels show the same general variations in structure 






exhibited by the tool steels. However, they are deeper hardening, 






and some martensite occurs in the central core. The forging steels 






also exhibit a slower rate of cementite coalescence than the tool steels. 






From the foregoing, it is apparent that excellent correlation was 





obtained between the hardness gradient curves and the structural 






changes observed in the microscopic study. 






SUMMARY AND CONCLUSIONS 






1. Hardness traverses on 1-inch diameter rounds are presented 






for nine plain carbon steels (0.17 to 1.20 per cent carbon) in the 
quenched condition, and after tempering at 400, 600, 800, 1000, 1200, 
and 1275 degrees Fahr. (205, 315, 425, 540, 650, and 690 degrees 
Cent. ). 


2. The above curves show that on tempering at progressively 









higher temperatures : 





(a) The martensitic shell shows a considerable decline in 






hardness before any change in hardness is observable in the core. 





(b) The core starts to drop in hardness before the mar- 






tensitic shell is lowered to the core hardness of “‘as-quenched”’ 






specimens. 






pereutcc 















— : (c) The tempered martensitic shell becomes softer than the 
. tempered core at the higher tempering temperatures. 
; 3. The relative hardness changes obtained in tempering the 
: martensitic shell and the central core lend additional support to the 
view that on tempering martensite, no product is formed which is 
shows : similar in structure to primary troostite. 
sto : 4. Microscopic examination reveals distinct differences between 
cock : outer shell and inner core, even at the highest tempering temperatures. 
hg . / 5. <A plot of surface Rockwell hardness versus per cent carbon, 
—— ‘ both “as-quenched” and after tempering at various temperatures, 
ast } shows that the hardness rises quite rapidly up to approximately 0.7 
plain- 4 per cent carbon, beyond which the rate of increase declines markedly. 
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Oral Discussion 

R. L. Dowpett:* Martensite and troostite is getting so complicated that 
many of us really wonder what martensite actually is. I noticed when Mr. 
Rowe presented his paper he mentioned white martensite. That is really the 
only martensite that I know as martensite. Do you have black martensite, etc.? 

Proressor RaGatz: I think we intended to imply its appearance after 
etching and we are not implying that there is more than one martensite. 

Proressor DowpELL: We still agree and as far as this particular group 
is concerned we take it that martensite is still white? 

C. L. SHaprro:* Although I do not wish to disagree with Professor 
Dowdell, I wish to say that many investigators have reported that martensite may 
exist in two forms—the alpha and beta conditions. These structural conditions 
are observed under the microscope by their etching characteristics. The alpha 
condition is the normal acicular white martensite observed in quenched steels; 
whereas, the beta condition is brown martensite and results from tempering 
slightly white martensite. 

Proressor Dowpe.L_: Then it really is not martensite? 





1Professor of Metallography, University of Minnesota, Minneapolis 





2Consulting Engineer, Syracuse, N. Y. 
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SOME OBSERVATIONS ON THE PASSIVITY OF 
STAINLESS STEELS 


By J. N. Ostrorsky 
Abstract 


Treatment of stainless steel with strong nitric acid 
as a final processing step has long been practiced in order 
to remove surface contamination and promote a passive 
surface condition. Various passivity-actiwity borderline 
corrosion conditions were used in this work to study the 
extent of benefits derived from such treatments. It was 
found that strong nitric acid acted primarily as a cleaner, 
but had some value as a passivating agent. Better films 
were developed by very weak nitric acid used boiling. For 
some corrosive conditions, particularly where pitting was 
involved, dichromate solutions gave excellent results. 

Dichromates were also added to the weak nitric acid 
solutions to prevent etching of lower chromium content 
stainless steels. 

Nitric-hydrofluoric acid mixtures appeared to actwate 
stainless steel surfaces, and the activity persisted in part 
for some time. 


TAINLESS steels are rather readily attacked by highly ionized 

reducing acids, such as hydrochloric acid. They are then said to 
be in the active condition. They ordinarily show little if any attack 
even after prolonged exposure to oxidizing agents such as nitric acid 
and are then said to be in the passive condition. Early in their his- 
tory it was observed that if stainless steels were first immersed in 
certain oxidizing agents, notably nitric acid, and subsequently ex 
posed to solutions which ordinarily attacked them quite readily, no 
attack occurred or attack was noticeably lessened. This abnormal 
resistance persisted for some time, occasionally, for years. During 
this period the steel might be said to be in an abnormally passive 
condition. Monypenny’ cites many interesting examples. A sim- 
ple explanation is found in the oxide film theory. Since remarkably 
protective oxide films are formed spontaneously on exposure to air, 


‘J. H. G. Monypenny, “Stainless Iron & Steel,’’ Second Edition, 1931, p. 260, 314, 
347-366. John Wiley & Sons, Inc., New York City. 

A paper presented before the Twentieth Annual Convention of the Society 
held in Detroit, October 17 to 21, 1938. The author, J. N. Ostrofsky, is chief 
chemist, Rustless Iron and Steel Corporation, Baltimore, Maryland. Manuscript 
received June 23, 1938. 
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it is logical to expect that more impervious films might be formed |yy 
certain vigorous chemical agents. 

We have been warned to avoid this abnormally passive condition 
in making corrosion tests, and very properly so, since in many pas- 
Sivity-activity? borderline corrosion conditions slight changes in 
extent of passivation will often completely alter behavior. Never- 
theless having once established the fitness of a certain stainless alloy 
for a given service, there is good reason for taking advantage of any 
additional protection afforded by simple chemical treatments. This 
insures an optimum film condition during at least the initial period of 
service. 

Passivation, it is true, cannot be relied upon to permanently pre- 
vent attack under conditions in which the alloys are normally active. 
On the other hand, damage can occur in the early stages of some 
types of service because a covering of dirt or grease received in 
fabrication has greatly restricted the formation of sound surface 
films. Passivation could very well eliminate this difficulty and would 
give added assurance against damage to fine equipment. 

For years the most widely used passivation treatment for stain 
less steels has consisted of washing or immersing in strong nitric acid, 
usually 20 to 40 per cent acid, used warm for periods up to 1 hour 
or more. This treatment serves two main purposes : 

1. Cleaning. Nitric acid of the strength used readily at- 
tacks surface contamination, such as particles of iron, copper o1 
pickling smut, and “brings up” the white silvery color of clean 
stainless steel. 

2. Passivating. The strongly oxidizing properties of the 
acid effect replenishment and repair of weaknesses in the more 
or less impervious oxide films which characterize stainless steels. 
There is probably no better agent available for performing this 

first function—cleaning—than 20 to 40 per cent nitric acid. This 
follows because of all materials commonly encountered in processing, 
stainless steels alone are undissolved by acid of this strength. When- 
ever a vigorous cleaning treatment is required, strong nitric acid 
either alone, or, if some slight etching can be tolerated, mixed with a 
small amount of hydrofluoric acid, will be found effective.and eco- 
nomical. 
“For a more complete discussion of the passivity-activity boundary concept the reader 


is referred to R. J. McKay and R. Worthington, “Corrosion Resistance of Metals and 
Alloys,” 1936, p. 286. Reinhold Publishing Corp., New York City. 
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For the second function—bolstering of the oxide film on a clean 
surface—other agents are available which appear to be much more 
effective than strong nitric acid. Very weak nitric acid, for instance, 
containing only yy to 1 per cent acid by weight, used boiling, will de- 
velop films which are demonstrably superior and more often impene- 
trable in passivity-activity borderline corrosion conditions than those 
produced by strong acid. When used on clean surfaces, boiling alkali 
dichromates—about 5 per cent solutions—are excellent passivating 
agents, particularly against pitting or where drop staining is involved. 

These strong film builders are not particularly effective as clean- 
ers, since their action on iron, organic matter and the like is much 
less vigorous than that of stronger acid. They will not remove pick- 
ling smut readily, and the preferred method of passivating after 
pickling would include first, cleaning in strong nitric acid, and finally 
passivation with the weaker solutions. Perhaps the drastic oxidizing 
action which characterizes a good cleanser for stainless steel, pro- 
duces too coarse an oxide film for best corrosion resistance. 

Weak nitric acid is practically a hydrogen liberating acid to 12 
per cent chromium alloys, and etches these alloys very rapidly at the 
boiling point. Little effectivé passivation could be expected under 
these conditions. The addition of % per cent potassium dichromate 
serves to completely inhibit etching, and excellent passivation results. 
For example, a solution of % per cent HNO,-™% per cent K,Cr,O,, 
used boiling for 30 minutes, will not cloud or color a micro polish on 
a 0.35 per cent carbon, 13 per cent chromium steel in the plain hot- 
rolled condition. 








The following laboratory data will illustrate the passivity effects 
discussed above. Much of the work described is admittedly of a 
qualitative nature. Since corrosion conditions are complex, the author 
would certainly urge actual operating tests before any departures 
trom standard treatments are made. Possibilities in the surface 
treatment of alloys which develop such remarkable films are intrigu- 
ing and the data is presented more in an attempt to point out pos- 
sibilities in one phase of surface preparation than in an attempt to 
prescribe definite treatments. In most cases the breakdown of com- 
plete passivity was chosen as an index of the effectiveness of the 
passivating treatment; having established this breakdown from in- 
spection of specimens, of the solution and, in doubtful cases, from 
weight loss measurement, no attempt was made to measure corrosion 


rates in the semi-active period immediately following breakdown. It 
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was felt that normal rates would be retarded during this period and 
could very well be erratic and confusing. 

Series A—Samples of a straight chromium steel (0.10 per cent 
carbon, 15.56 per cent chromium) were cut from a dee, drawn kitchen 
utensil and exposed with rather rough edges and without relieving 
residual or shearing stresses to pickling and passivating. They were 
then exposed in a reflux condenser to boiling 4 per cent acetic acid 
containing 1 per cent sodium chloride. This is a passivity-activity 
borderline condition for stainless steel of the above composition. In 
this test the duration of passivity is readily measured, since a gener 
ous evolution of hydrogen indicates the end of the passivity period. 

The various treatments used and the results obtained are de- 
scribed in Table I. Although the utensil without passivation was 
immediately attacked by the boiling solution, prior passivation with 
weak acid resulted in complete absence of attack during one week's 
exposure. Passivating with strong acid showed some improvement 
over no treatment, but passivity failed early. With this particular 
utensil both pickling and cleaning prior to passivation were necessary 
for best results. The use of nitric-hydrofluoric solutions combined 
pickling and cleaning, and specimens so pickled were readily passi- 
vated by the weak acids. HNO,-HF appeared to have little or no 
value as a passivating agent. On the contrary, it appeared to pro- 
duce an active surface condition—an observation substantiated by 
experiments on the adhesion of copper and zinc films described later. 

Series B—Tests with a boiling mixture of 3 parts sulphuric 
acid, 1 part nitric acid diluted to a total acidity of % per cent figured 
as H,SO,, gave interesting results. This test is also a_ passivity- 
activity borderline condition for most stainless steels. The test is 
usually run in a reflux condenser for four 2-hour periods, fresh acid 
being used each period. 

Specimens were saw cut from annealed and pickled 1-inch diam- 
eter bars (0.10 per cent carbon, 17.10 per cent chromium) and were 
only superficially finished with 120 grit aloxite. There was little 
opportunity for contamination of the specimens in their preparation 
and no preliminary cleaning or pickling treatments were used before 
passivation. A fairly large number of tests established the following 
conclusions : 

1. Untreated specimens generally became passive either during 

the first exposure period or directly thereafter, but always 
suffered some attack before becoming passive. 
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2. Specimens treated for a short time in previously used solu- 
tion, i.e., containing ferric and chromic sulphates, as well as 
residual nitric acid and sulphuric acid, were always found to 
be completely passive at once to fresh solution. 


- 
~ 


Specimens treated for various lengths of time with the usual 
passivating agents, 1.e., 30 per cent to concentrated nitric acid 
at room temperature or warmed, were seldom better than un- 
treated specimens. 

4. Specimens boiled in 0.1 to 0.5 per cent nitric acid exhibited 
passivity at once and remained passive. 

5. Alkaline oxidizing agents, such as solutions of sodium perox- 
ide, or alkaline ammonium persulphate increased activity to 
the solution. 

6. Boiling in 5 per cent potassium dichromate or chromic acid 

was not effective in producing passivity. 

In these tests untreated specimens usually showed an induction 
period of one or two minutes duration before attack took place. 
Treatments with agents mentioned in No. 5 noticeably reduced this 
period. The termination of passivity is readily noted in these tests by 
a sudden evolution of hydrogen and an abrupt change in the color 
of the specimens. 

Series C 
tests of annealed bar stock in the 4 per cent salt spray, treatments 


On the other hand—and somewhat contradictory—in 


with boiling % per cent to 5 per cent potassium dichromate gave 
excellent results. The development of water-breaks in the condensed 
spray on these specimens was considerably delayed as compared with 
specimens not so treated. Evidently, the type of oxide film produced 
by dichromates is particularly effective in resisting droplet corrosion. 


Portevin® has recently called attention to “wetting ability” of 


greaseless surfaces as an index to their activity. Boiling treatments 
with #4) to 1 per cent HNO, were not quite so effective but were 
good. Treatment with stronger nitric acid for various lengths of 
time seemed to show an increasing pit size with increasing acid con- 
centration. Perhaps action on nonmetallics or difficulty in rinsing 
strong acids from nonmetallic pores is an explanation of this 
observation. 
Series D 


stainless steels by immersion is of interest in connection with the 


Work which was done in an attempt to copper-plate 


activation of stainless steel surfaces. A 5 per cent cupric chloride 


8A. Portevin, Paris letter, MeTaL ProcGress, Vol. 34, No. 1, July, 1938, p. 62. 
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Pickling Cleaning Passivating 
Exp. Treatment? Treatment? Treatment® 
l None None None 
2 H.SO, HNO;(A) None 
3 H.SO, HNO;(B) Weak acid 
4 H.SO, HNO;(B) None 
5 H.SO, None Weak acid 
6 H.SO, None Weak acid 
(20 min.) 
7 None None Weak acid 
8 HNO;HF No other None 
9 HNO;-HF No other Weak acid 
10 Same as Exp. No. 3, above, but large 
sample partially immersed in reflux. 
11 Same as Exp. No. 6, above, but large 





sample partially immersed in reflux. 











per cent HF, 5 minutes at 130 degrees Fahr. 














B. 25 per cent HNO; 5 minutes at 
3% per cent HNOs, 30 minutes boiling. 
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Behavior in 
Boiling 4% 
Acetic Acid— 
1% NaCl 


Attacked at once. 


Passive 1 hour, 
then attacked. 


Passive, removed 
after 48 hours. 


Passive ™% hour, 
then attacked. 


Passive 1 hour, 
then attacked. 


Passive, removed 
after 4 hours. 


Passive 1 hour, 
then attacked. 


Attacked at once. 


Passive, removed 
after 6 hours. 
Passive, removed 
after 1 week. 
Passive at first, 


attacked during 
first night. 


solution containing about 9 per cent hydrochloric acid by weight 
will produce, by simple immersion, a rather good copper-plate on the 
iron-chromium stainless steels, even those containing as high as 27 
per cent chromium. Adhesion of the plate will be very poor, how- 
ever, unless the article to be plated is first activated by several min 
utes immersion in nitric-hydrofluoric acid solution. 
persists in part for an appreciable time—at least several days. Poor 
adhesion followed treatment with muriatic acid, although fairly good 


results were obtained with chemically pure hydrochloric acid. 


Remarks 


Utensil is normally 
active to the test con. 
dition. 

Customary pickling 
and passivating treat 
ment produced tem 
porary immunity. 
Customary pickling 
and passivating treat 
ment, coupled with 
weak acid treatment 
produced immunity 
test conditions. 
Omission of weak acid 
treatment resulted 
early breakdown 
passivity. 

Failure to thoroughly 
clean specimens betor: 
passivation resulted i 
early loss of passivity 
Extended pickling ap 
peared to producs« 
more easily passivated 
surface. However, re 
peated in Exp. No 
11, below, passivity 
failed early. 

On this utensil, pick 
ling, cleaning and 
weak acid treatments 
were needed to pri 
duce passivity. 
HNO;-HF appears to 
activate the surface 
HNO;-HF — combines 
pickling and cleaning 
Compare with Exp 
No. 4. 

Bears out need for 
cleaning. 


1Kither 10 per cent H,SO,, 5 minutes at 120 degrees Fahr. or 10 per cent HNO;-' 
All percentages by weight. 
7A. 10 per cent HNOs, 30 minutes at 120 degrees Fahr. 
120 degrees Fahr. 
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Corollary experiments were made with electro-zinc plating. 
Samples of 15-16 per cent chromium wire were given preliminary 
dips of two to five minutes at room temperature in the following 
solutions, all expressed by volume: 

25 per cent muriatic acid 

25 per cent hydrochloric acid 

10 per cent nitric acid, % per cent hydrofluoric acid 

10 per cent nitric acid 
The samples were then plated in three types of zinc solution with the 
Adhesion was measured by 180-degree flat 
If no flaking occurred, the results were 


results shown below. 
bend tests on %-inch wire. 
considered good. 


Adherence of Plate After Treatment In 


Solution Muriatic Acid HCl HNO:-HF HNO; 
Zinc Chloride, 2 minutes .... Poor Poor Good Good 
Zinc Sulphate, 2 minutes .... Poor Poor Good Poor 
Zinc Cyanide, 30 minutes . Good Good Good Poor 


Here again nitric-hydrofluoric solution stands out as an effective 
activator and cleanser. 

Series E—A Y2-inch diameter x 4% inch 17 per cent chromium 
bolt was passivated with boiling % per cent nitric acid for one-half 
hour and exposed to 25 per cent by weight sulphuric acid, the 
threaded end being partially immersed. After five years’ exposure 
this specimen is still completely unattacked. 

A bolt passivated simply by normal exposure to air was com- 
pletely converted to salts in this solution in a very few days. If sim- 
ple chemical treatments give such substantial protection against very 
active solutions, the protection they should afford in more normal 
service must be very considerable, especially so if the films produced 
are not so fragile or delicate that the least disturbance disrupts them. 

Some discussion of their strength seems called for. Most of the 
samples used in this work were purposely chosen with rather rough 
finishes which would be expected to be quite sensitive to damage. 
Passive samples could be handled quite roughly, even sometimes 
scratched lightly, and still remained passive in very active solutions. 
The films are not quite so fragile as one might first believe. Sheet 
can be bent moderately without necessary damage. Screws, for in- 
stance, in several pound batches can be passivated in a basket, and 
after considerable handling incidental to rinsing, transferring and 
packaging will be found to have retained their passivity to normally 
active solutions. 
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In conclusion, it should be emphasized that there was no thought 
in any of this work of inducing a purely artificial passivity on stain- 
less steel and using it in this condition against normally active solu- 
tions, as for instance, 10 per cent sulphuric acid. The work was done 
principally in connection with individual problems as they arose, and 
was carried along because of its general interest. There are, of 
course, many cases where an easily handled and effective passivation 
can be of considerable use. An example is the prevention of light 
rusting, during storage, on packaged parts such as valves, hub caps, 
screws, kitchen-ware and the like. In the chemical field, thorough 
passivation at certain intervals could often be practiced at no great 
expense, and would be helpful in extending the life of costly equip- 
ment, particularly where the service involved is near borderline. 

No attempt has been made in preparing this paper to review 
existing patents relative to its subject matter or to indicate that one 
or another of the several procedures discussed may be covered by 
patents. 

In closing the author wishes to express his appreciation to his 
associates, especially to W. B. Arness, for helpful advice and criticism 
throughout the work. To the management of the Rustless Iron and 
Steel Corporation thanks are due for their friendly interest in foster- 
ing the work. 


DISCUSSION 


Written Discussion: By Dr. B. Egeberg, chief metallurgist, International 
Silver Co., Meriden, Conn. 

The author has combined a number of experiments, all dealing with activa- 
tion and passivation treatments of straight chromium stainless steels, into a 
paper which essentially is a plea for recognition of the value of surface treat- 
ments. The subject dealt with by Mr. Ostrofsky is of great importance t 
many of us. Electroplaters are interested in methods for complete activation 
since electrodeposits will not adhere properly to stainless steels unless the 
protective film is entirely removed. (Certain industries practice the plating 
on stainless steel). On the other hand, artificially increased passivity is of 
interest in many fields, especially where service conditions are such as to 
make one expect a somewhat lasting benefit, and further, where hardenabilit) 
is a factor, thus preventing one from utilizing the highest corrosion resistant 
steels of the chromium-nickel type. 

Dealing first with the electroplaters’ needs, an effective film removing 
treatment, void of etching or dulling of a highly polished surface, was first 


developed in the writer’s laboratory some five years ago. In principle it con 
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sists of a cathodic treatment in a strongly activating bath containing hydro- 
chloric acid and nickel chloride, the solution being so adjusted that the cathode 
eficiency of the nickel is extremely low. Hydrochloric acid, nascent hydrogen 
and dissolved chlorine all contribute towards an effective removal of film. 
In time the steel will be covered with an exceedingly thin and completely ad- 
herent deposit of nickel which makes it possible to transfer the article through 
rinse tanks and through air to the final electroplating bath without passivation 
of the surface taking place. Without this protective film of nickel, stainless 
steel would be partly passivated by the oxygen content of the rinse waters, not 
to speak of the transfer through air from tank to tank, whereby intimate con- 
tact and complete adherence of deposit to base would be prevented. 

Speaking now of those cases where a mechanically strong film of low 
permeability is desired for the purpose of added corrosion protection, the first 
question that arises is how to test the properties of the films and to discrimi- 
nate between them after they have been applied artificially by certain selected 
treatments. Mr. Ostrofsky has solved the problem by using liquids of con- 
siderable corrosive strength and by noting the duration of passivity. The 
corrosive media were so selected that termination of passivity was signified 
by a definite endpoint, namely gas evolution or color change of specimen. 

While the method seems excellent for the purpose, the writer would like 
to mention a variation which Mr. Ostrofsky may want to try since in a 
shorter time it affords the possibility of finer discrimination between films of 
nearly equal protective value. It was used by the writer some years ago with 
considerable success. Also in this case a testing medium of some activity is 
used; for example, a copper sulphate solution acidified with sulphuric acid. The 
single potential of the stainless steel in this solution was measured against a 
calomel half-cell with a potentiometer. It was found that a properly hardened 
and freshly polished stainless steel sample (0.35 per cent carbon, 13.5 per cent 
chromium) showed a single potential immediately after immersion of about 
0.6 volt which would soon rise to higher values. If the potential at the begin- 
ning was less than 0.6 volt (steel improperly hardened) copper started to 
deposit and the readings rapidly dropped to the value corresponding to the 
single potential of copper in the solution mentioned. If the properly hardened 
steel were exposed to the atmosphere for considerable periods of time before 
subjected to test, the initial reading was higher than 0.6 volt and might 
reach a value as high as 0.8 volt, rising to 1 volt on a sample tested one year 
after being polished and stored in the meantime under normal atmospheric 
conditions in a closed box. The conclusions of the investigation were that pol- 
ished stainless steel, when exposed to the atmosphere, rapidly improved its 
protective film for the first few days to one week after which time further 
improvement was slow. The polish referred to is the so-called mirror finish 
obtained commercially with cotton buffs and abrasive grease cakes. This op- 
eration causes considerable heating of the article which in itself should pro- 
mote protective film formation. The method should be applicable also to arti- 
ficially produced films such as those dealt with by Mr. Ostrofsky. The initial 
potential (immediately after immersing the sample in the test solution) is 
evidently the significant figure. To allow time for making this reading, test 
solutions must be used which do not too rapidly alter the surface condition. 
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Besides the testing method used, I have also cited the results in order to 
justify a bit of criticism on Mr. Ostrofsky’s paper. He states on page 744 that 
activation of the surface takes place by immersion in a mixture of nitric and 
hydrofluoric acid and that this activation persists in part for at least several 
days. This is in good agreement with my own findings as cited above, only 
I would extend the same statement to film removers in general, including 
mechanical abrasion. After having read Mr. Ostrofsky’s paper several times, 
it is not clear to me if this vital point has been taken sufficiently into considera- 
tion: that stainless steel requires considerable time for developing passivity 
of its own accord and under normal atmospheric conditions, whereas an arti- 
ficial passivation, such as used by Mr. Ostrofsky, is rapidly accomplished. It 
seems that he has made a comparison between samples passivated by various 
solution agents on the one side and, on the other, samples which have been 
activated during their preparation and which, due to an insufficient rest period, 
may still have been in a partly active condition when subjected to test. 

While such samples may have some interest, the reader is unable to locat 
reference to samples which have been properly treated in normal atmosphere 
for a proper length of time, say for at least two days and, preferably, for one 
week. Mr. Ostrofsky has controlled details as to time and temperature of the 
artificially passivated samples and similar details concerning natural passiva 
tion in the atmosphere are equally as important in order to draw a compari 
son between the two. 

Written Discussion: By Dr. U. R. Evans, Cambridge University, Cam 
bridge, England. 

The practical importance of Mr. Ostrofsky’s main observation—that dilut 
nitric acid is superior to concentrated nitric acid in preparing the surface of 
stainless steel to withstand “borderline conditions’”—will be obvious to all read 
ers. To me it has also considerable scientific interest, as the observation fits in 
well with certain facts lately noticed by myself in connection with the pas 
sivity of ordinary (chromium-free) iron and steel* towards natural waters 

It has been found impossible to make ordinary iron or steel passive for 
any length of time merely by soaking the abraded surface in chromate solution 
This is probably because the shattered zone left by abrasion is very difficult 
to passivate, owing to its unstable structure and the internal stresses which 
keep cracking any film produced on it. If the shattered zone was removed by 
etching, then it was found that the rugged, crystalline surface left behind 
could be rendered passive more easily; the iron could subsequently be kept in 
natural waters for some time before rusting sets in. In the case of steel, a 
further improvement was brought about by using, instead of pure potassium 
chromate, a mixture of chloride and chromate in proportions adjusted so as 
to eat away any specially susceptible spots and then leave the remainder pas 
sive. On pure iron, where there are no “chemically dif‘erent” spots, chloride 
free chromate gave almost as good results as the mixture. 

It is always a little risky to try to interpret the results of another inves 
tigator, but tentatively I would apply the same principles to explain the inter 
esting results obtained by Mr. Ostrofsky. Concentrated nitric acid, a strong 
oxidizing agent, will produce more effective resistance to attack than dilute 
~  4U. R. Evans, Nature, 1938, Vol. 142, p. 160. 





ih eleatee. > et aaiateDl 








spter ber 


order to 
744 that 
itric nd 
tT several 
ve, Only 
ncluding 
al times. 
ynsidera- 
passivity 
an arti- 
shed. It 
various 
ave been 
t period, 
st. 
to locate 
nosphere 
for one 
‘e of the 
passiva 
compari 


ty, Cam- 


at dilut 
irface of 
all read- 
yn fits in 
the pas 
waters 
ssive for 
solution 
difficult 
-s which 
10ved by 
t behind 
» kept in 
steel, a 
otassium 
ed so as 
der pas 
chloride- 


er inves 
he inter 
a strong 
in dilute 


idibieeiiscat onc 3 Seat 


(nea ek 


eee 


1939 DISCUSSION—STAINLESS STEELS 749 


nitric acid so long as the steel is in the nitric acid. But for that very reason, 
the susceptible spots present in the steel are left undestroyed by the concen- 
trated acid, and when the steel is subsequently exposed to borderline condi- 
tions, the passivity readily breaks down. In the boiling dilute acid, the sus- 
ceptible spots are eaten away, and the etched surface left behind is easier to 
protect; on cooling down the acid, a reliable film is formed on this surface, 
especially if dichromate is present, and the metal, which has lost its special 
susceptible particles, withstands borderline conditions comparatively well. 

As regards the action of hydrofluoric acid, fluorine ions have been found 
to have a penetrating power for films, similar to, although inferior to that 
possessed by chlorine ions.’ 

Passivity is due to protective films, but the power of a given film to 
withstand breakdown, whether by a passage of an anion inwards or a cation 
outwards, is related to the magnitude of the energy change which would ac- 
company the passage of the ion in question. Thus the chance that a given 
film may confer protection will depend on the stability of the structure of the 
metal below it, and particularly on freedom from residual, tensile stress, a 
state which always favors film-breakdown.° 

The idea that a mirror-finish is the condition most likely to confer safety 
from corrosion may require a little reconsideration. A surface bounded by a 
perfect crystal-face, such as is obtained by etching, is a stable surface, and 
usually constitutes a safe basis for a protective film. Even the absence of a 
single atom from the surface will enormously reduce the work of removing 
the atoms which adjoin the “hole,” a matter which can be investigated mathe- 
matically, but which is qualitatively well known to anyone who has tried to 
unpack a box of child’s bricks. The surface layer on metal which has been 
polished mechanically represents a disorganized mass, which is specially sus- 
ceptible to certain reagents—as was indeed shown in the classical work of Sir 
George Beilby. It may sometimes be better to remove this layer before cover- 
ing the remaining mass of metal with the protective film. It is on these 
lines that the present attempts at Cambridge to make ordinary (chromium- 
free) iron and steel passive against natural waters are proceeding. None of 
the results as yet obtained are of any practical importance, but they are en- 
couraging since they show that the principle is sound; it is hoped that the 
work, which is now being taken over by Dr. Agar, will progress rapidly. 

Written Discussion: By H. A. Smith, metallurgist, Republic Steel Corp., 
Massillon, Ohio. 

First we would like to say that we are heartily in accord with the author’s 
discussion pertaining to the practical application of passivating treatments for 
stainless steels. It is not sound to depend upon artificially passivated finishes 
under conditions where the steel would not render satisfactory service if not 
passivated. Nor should steel for such applications be passivated before testing 
where the test is at all designed to simulate service conditions. 

In the author’s work, which has all been on the straight chromium type of 
steel, it is found that HNO;-HF pickling or cleaning agents render such steels 


5S. C. Britton and U. R. Evans, Chemistry and Industry, Vol. 49, No. 14, 1930, p. 


*U. R. Evans, Journal Chemical Society, 1939, p. 97. 
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active. We agree that on the chromium steels this is the case. However, in our 
experience with the austenitic chromium-nickel types of stainless, we find that 
a 10 per cent HNO;-% per cent HF pickle does not render the surface particu- 
larly active. In activity such a treated surface is between a good HNO, passiva- 
tion and a HCI-H:SO, pickle. 

As the author points out, grease on the surface of the stainless steel may 
give rise to failure in certain applications. We have found this to be true even 
when the grease exists on top of the passivated finish. To be more specific— 
grease and foreign matter should be removed as thoroughly as possible before 
any passivation treatment, so that such treatment can be as uniform as possible. 
Moreover, for most satisfactory service—the steel should be kept as free from 
foreign matter as practicable. 

The statement that alkaline or neutral oxidizing agents are not as effective 
as acidic oxidizing agents for passivating of stainless steels gives me an op- 
portunity to express some ideas, which have been developing for some time. 
If the passive film on stainless steels partakes of an oxide nature, it is probably 
of an acidic nature, as chromium oxides are usually acidic in their reactions 
Thus, under very strongly basic conditions such passive films should be broken 
down. This we know to be actually the case. Therefore, alkaline or neutral 
oxidizing agents, while tending to form a passive film because of their oxidizing 
nature, also tend to break it down because of their alkaline reaction. The usu 
ally superior behavior of molybdenum-bearing 18-8 under acid conditions may 
be explained on the same basis, inasmuch as molybdenum oxides are even moré 
acidic in their reactions than the oxides of chromium. 

There is one point about which my ideas are not too clear. Mr. Ostrofsky 
states that the preferred method of passivating after pickling would be a 
cleaning in a strong nitric acid solution followed by passivating in a weak solu 


tion of the same acid. It is also stated that strong acid treatments are not as 

















good as weak acid treatments for passivating. Can this be interpreted to mean 
that the weak acid passivation in some way strengthens the weak places in the 
film formed by the strong HNO, cleaning, so that the results are those to be 
expected by a weak acid treatment used singly upon a surface cleaned by, say, 
some mechanical means? I am wondering about the efficacy of a double nitri 
acid treatment. 


Author’s Reply 





I want to thank Dr. Egeberg for his very interesting discussion, and am 
glad that he has introduced the subject of passivation through aging in air. 
There is no question in my mind that this is one of the most important factors 
in the preservation of stainless steel surfaces. Variations in surface potential, 
as wide as those shown by him to occur in the course of one or two weeks 
aging, would undoubtedly affect the results obtained in any borderline corro- 
sion test. This is a point that those of us engaged in accelerated test work on 
stainless steels would do well to consider. His criticism of the present paper 
in this regard is well taken. 

Surface condition during aging is, of course, also important. Grease or 
dirt will restrict passivation by chemicals or by air alone, and one requirement 


for a standardized aging period should be that the surfaces are chemically 
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clean and are kept so during aging. Dr. Egeberg’s method of activation prior 

plating sounds like a very satisfactory one. A quite different and adverse 
effect is obtained if any metals are present which can plate out by simple re- 
placement. This condition does occur—more frequently in muriatic acid than 
in sulphuric acid solutions—when a plating rack carrying copper on contact 
areas is repeatedly passed through an activating bath. 

The author appreciates Dr. Evans’ comments. His many publications on 
the oxide film theory have been invaluable in working with the stainless alloys. 
it has been our experience also that best passivation is obtained when slight 
etching accompanies the treatment. Frequently, however, etching is unde- 
sirable from an appearance standpoint, and most of the work described in the 
present paper has been directed towards passivation treatments which did not 
manifestly alter the surface appearance. Some selective attack very likely 
does occur with boiling dilute nitric acid, as Dr. Evans suggests, but there is 
little evidence of it microscopically. Fink and Kenny have described’ an anodic 
passivation for stainless steels which results in marked etching but produces 
remarkably uniform point-to-point potentials. 

The author agrees with Mr. Smith that a requirement for good passiva- 
tion is that grease and foreign matter be removed either in the treatment 
or before it. Frequently, immersing in strong nitric acid is sufficient, but 
there are many cases that require special treatment. The method of continuous 
potential measurement with a recording potentiometer described* by Mr. 
Smith should be very useful in studies of this kind. 


_ 4, G. Fink and F. J. Kenny, “The Passivity Produced by Chromic Acid on 18-8 
Chromium-Nickel Alloys,’’ Transactions, American Electrochemical Society, Vol. 60, 1931, 


p. 235. 


SH. A. Smith, “Pit Corrosion of Stainless Steel,"” Metrat Procress, Vol. 33, June 
1938, p. 600. 




















THE EFFECT OF CARBON CONTENT ON THE RATE OF 
OXIDATION OF STEEL IN AIR AT 
HIGH TEMPERATURES 


By C. A. SIEBERT 


Abstract 





This paper deals with the effect of carbon content on 
the oxidation of steel in the temperature range 1700 to 
2100 degrees Fahr. It has been found that all of the 
carbon steels showed regions where the amount of scaling 
decreased with increasing temperature, while Armco iron 
showed a continuous increase in the amount of scaling 
with increasing temperature. The difference in behavior 
of Armco iron and the carbon steels is attributed to de- 
carburization and its effect on the chemical analysis of the 
scales formed. 


HE literature on the subject of oxidation has been reviewed in 

previous publications from this laboratory by Murphy, Wood 
and Jominy (1)', Upthegrove and Murphy (2), and Siebert and 
Upthegrove (3); no review will therefore be given at this time. The 
method used was essentially the same as that reported by Siebert and 
Upthegrove (3). 

The samples used in this investigation were cylinders 4% inch 
in diameter and 2.5 inches long which had been polished with various 
grades of emery through 000 paper. The furnace used was an elec 
tric furnace of the Globar-type which contained a glazed porcelain 
tube 40 inches long and approximately 2 inches in diameter. One end 
of the tube was sealed with a two-holed refractory stopper through 
which the thermocouple protection tube and air inlet tube were led. 
The sample was introduced into the furnace, through which a 
stream of dried and purified air was passing, the total time in the 
furnace being one hour. The drying and purification of the air 
was accomplished by passing it through towers of calcium chloride, 
ascarite, and dehydrite. The composition of the steels used is given 
in Table I. 
















1The figures appearing in parentheses refer to the bibliography appended to this paper 


A paper presented before the Twentieth Annual Convention of the Society 
held in Detroit, October 17 to 21, 1938. The author, C. A. Siebert, is assistant 
professor in the Department of Chemical and Metallurgical Engineering, Uni- 
versity of Michigan, Ann Arbor, Michigan. Manuscript received July 25, 1938 
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Table I 
Composition of Steels Investigated 





xX Y A E 

= Per Cont —_—_,, 
td Sodupounan vy acess ook 0.15 0.18 0.47 0.90 
PCE EE OE pe 0.50 0.62 0.65 0.66 
Di Sirienvceubpesucegebes 0.23 0.23 0.19 0.18 
TT? 3.4 vache dikndmeathe ans 0.032 0.023 0.028 0.033 
og Cahn a arenas a0 & 0.025 0.015 0.18 0.20 
McQuaid-Ehn Grain Size .... 4-5 7 pia ween 


The analysis for the Armco iron was not obtained. 





RESULTS 


The scope of this investigation was limited to the effect of car- 
bon content on the oxidation of steel. The data which were obtained 
when the temperature of exposure was varied from 1700 to 2100 
degrees Fahr. (900 to 1150 degrees Cent.) are summarized in Fig. 
|. The curves for the steels all show regions where the amount of 
scaling is actually lowered with increasing temperature. This is in 
accordance with the work of Upthegrove and Murphy (2), and 
Siebert and Upthegrove (3), (4). However, the Armco iron curve 
does not show a region where the amount of scaling is lowered with 
increasing temperature. As pointed out in previous publications, this 
decrease in scaling with increasing temperature is due to a difference 
in the degree of oxidation of the scale itself. As the temperature at 
which maximum scaling occurs is exceeded, an increasing proportion 
of ferric iron in the scale is observed. This increase in the ferric iron 
content changes the character of the membrane through which the 
diffusion of the oxygen, in some form, must take place. It also 
changes the solubility of oxygen in the scale, as FeO has a wider 
solubility range than Fe,O, which alters the driving force (concen- 
tration gradient) in the diffusional process. A definite relationship 
(3) is observed between ferrous iron content of the scale and the 
loss in weight. 

The X and Y steels are both of the S.A.E. 1020 type with dif- 
ferent McQuaid-Ehn grain sizes. The X and Y steels both reached 
a maximum scaling loss at 1900 degrees Fahr. and a minimum at 
2050 degrees Fahr. However, the Y steel scaled to a greater extent 
than the X steel from 1700 to 1950 degrees Fahr., and the X steel to 
a greater extent than the Y steel from 1950 to 2100 degrees Fahr. 
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This was shown in a previous publication (4) to be due to differences ds 
. . . bie 
In grain size at these temperatures. re 
. . ~ - ry ° - ' 
The A steel is of the S.A.E. 1045 type. The scaling curve for , 
- UJ) 
this steel shows a maximum scaling loss at approximately 1875 de- ais 
grees Fahr. and a minimum at approximately 2025 degrees Fahr, * 
From 1700 to 1900 degrees Fahr. the A steel scales to a greater \ 
extent than the X steel, but to a lesser extent than the Y steel. From all 
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Fig. 1—Curves Showing Amount 
of Scaling of Steels Tested at the ] 
Various Temperatures. 


1900 to 2050 degrees Fahr., both the X and Y steels scale to a 
greater extent than the A steel. At 2050 and 2100 degrees Fahr., 
the A and Y steels have approximately the same scaling values, while 









the X steel scales to a greater extent than the A and Y steels. 

The E steel is of the S.A.E. 1090 type. The scaling curve 
for this steel shows a maximum scaling loss at 1900 degrees Fahr. 
and a minimum at 1950 degrees Fahr. 

The oxidation curve for the Armco iron does not undergo a 
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‘re _ ° . . . ° . 
ti maximum or minimum change, but continues to increase with in- 
creasing temperature. This behavior of the Armco iron accounts 
oe lor for the fact that several investigators, who employed Armco iron, 
4/5 ce- > . ° eit . 
7 » were unable to check our findings of maximum and minimum points 
‘ahr. 


in the scaling curves for steel. At 1850 and 1900 degrees Fahr. the 


‘Treat . : : 
1p ae \ and Y steel scale to a greater extent than the Armco iron, but at 
TY 1 . . . 

Pa all other temperatures investigated, the Armco iron showed the 
highest scaling loss. The ferrous iron content of the scale formed 


at several temperatures is given in Table II. These analyses, along 


Table II 
Ferrous Content of Scale Formed at Different Temperatures 





Temperature ipeaataelediniceaaie decanted os ee se 
Degrees Fahr. AR A E x Y 


1800 Sgas meets acta 51.4 29.5 44.1 50.7 
3 


ce oe i ee 33.: 
te gee ate wee are ae 41.9 


with the scaling values shown in Fig. 1, again demonstrate that a 
high scaling loss is accompanied by a high ferrous iron content in the 
scale. 


DISCUSSION OF RESULTS 


The data presented in Fig. 1 indicate: 
(1) The occurrence of maximum and minimum points in the 
scaling curve are due to the presence of carbon in iron, and 
(2) The magnitude of the scaling loss at any given tempera- 
. ture is not solely a.function of the carbon content of the steel. 
, It is a known fact that the scaling of steel involves not only 
. the oxidation of the iron but also the oxidation of the carbon and 
other elements in the steel. Assuming that only carbon and iron are 
involved in the scaling of steel, one pound of oxygen would remove 
the following : 
to a 0.75 pounds of carbon if oxidation product were CO 


‘ahr., F 0.38 pounds of carbon if oxidation product were CO: 
3.5 pounds of iron if oxidation product were FeO 


while 2.6 pounds of iron if oxidation product were FesO, 
2.3 pounds of iron if oxidation product were FeO; 
—" E It is evident from the above calculation that if the rate of 
‘ahr. diffusion of oxygen through the scale at any given temperature were 
the same regardless of the carbon content of the steel, then the 
> F magnitude of scaling at any given temperature should decrease 
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with increasing carbon content. However, this is not the case, inidi- 
cating that the character of the scale formed at any given tempera- 
ture is influenced by the carbon content of the steel and therefore 
alters the rate of diffusion. This difference in the scale membranes 
is also shown by the analysis given in Table II. 

The grain size of the steel has been shown (4) to be one of 
the factors which may alter the character of the membrane. This 
may account for the fact that from 1700 to 1875 degrees Fahr. the 
A steel (S.A.E. 1045) scaled to a greater extent than the X steel 
(S.A.E. 1020) and less than the Y steel (S.A.E. 1020), since the 
Y steel was fine-grained and the X steel coarse-grained in this tem- 
perature range while the A steel showed a mixed grain with a pre- 
dominance of fine grain. 

The presence of maximum and minimum points in the scaling 
curve are evident in steels shown in Fig. 1, but are absent in the 
curve for Armco iron. This behavior indicates that carbon is re 
sponsible for the reversal in the scaling curves for steel. The elimi- 
nation of carbon during the oxidation of steel occurs as CO or CO.,, 
probably a combination of both compounds existing. Since the scale 
membrane is a continuous layer, the oxide of carbon must dissolve 
in the scale and diffuse outward from the scale-metal interface. 
Pfeil has shown (5) that the oxidation of iron is a double dif 
fusional process ; oxygen diffusing inward and iron outward through 
the scale membrane. The oxygen diffusing inward tends to oxidize 
the scale to a higher degree of oxidation, that is, FeO to Fe,O, and 
Fe,O,, while the diffusion of iron outward tends to counteract the 
diffusion of oxygen inward, keeping the scale in a lower degree of 
oxidation. The curve of ferrous iron content of the scale versus tem 
perature has been shown (2), (3) to follow very closely the shape 
of the loss in weight versus temperature curve. The scale formed 
on Armco iron at 2000 degrees Fahr. contains 41.9 per cent ferrous 
iron while the scale formed on an S.A.E. 1020 steel (3) at this 
temperature would contain 15 to 20 per cent ferrous iron. There- 
fore, the diffusion of the oxide of carbon outward through the scale 
membrane, when steel is undergoing oxidation, must decrease the 
diffusion of iron outward, thereby allowing the scale to reach a 
higher degree of oxidation. It is possible that the oxide of carbon 
dissolving in the scale may materially decrease the solubility of iron 
in the scale, which would decrease the rate of diffusion of iron out- 
ward through the scale. 
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No explanation can be offered at the present time as to why 
decarburization should become so active at temperatures above 1850 
degrees Fahr. However, the above explanation appears to satisfy 
the observed experimental data. 
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AUTOMATIC POLISHING OF METALLURGICAL 
SPECIMENS USING CAST IRON AND LEAD LAPS 


By Tracy C. JARRETT 


Abstract 


This paper describes a method of polishing metal- 
lurgical specimens by the use of cast iron and lead laps. 
Flatness, freedom from flow of metal and the retain- 
ing of inclusions are highly important factors in polishing. 
The use of the method described herein tends to ac- 
complish these objectives, and results from this method 
are given in the paper. 





REPARING metals for microscopic investigation has been the 


















topic of considerable discussion. Several articles have been pub- 
lished dealing with this subject and it is the object of this paper to 
further this knowledge by describing a different method. 

The polishing of metallurgical specimens for microscopic ex 
amination by the use of paper and cloth laps has been thoroughly 
described by F. F. Lucas' and J. R. Vilella.2 This type of polishing 
isthe one most widely used today and precision results have been 
obtained. If great care is taken, specimens can be polished this way 
without bringing about a flow of metal. There is a natural tendency, 
however, when a piece of metal is polished with a cloth lap for the 
metal to flow, and this may obliterate the structure under examina- 
tion. This is more pronounced in the case of soft metals, and when 
inclusions are the subject of examination they will often be torn 
loose from their parent metals. 

In the method about to be described, it appears from the results 
obtained that this tendency of the metal to flow and inclusions to be 
pulled out, are lessened. This may be explained by the fact that 
there is a continuous grinding operation through all stages of grind- 
ing and polishing, so that in the end a “ground-polished” surface is 


iF. F. Lucas, “The Preparation of Iron and Steel Specimens for Microscopic Investiga 
tion,”’ Transactions, American Society for Metals, Vol. 24, 1936. 

2J. R. Vilella, “‘Metallographic Technique for Steel,’’ American Society of Metals, 1938. 
A paper presented before the Twentieth Annual Convention of the Society 
held in Detroit, October 17 to 21, 1938. The author, Tracy C. Jarrett is 
assistant metallurgist, American Optical Co., Southbridge, Mass. Manuscript 
received June 6, 1938. 
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the result. There is, however, one thing that should be brought out 
at this time: it is impossible to rid a specimen from all of its scratches. 
This, to some, may be a bad feature, but regardless of the few 
scratches remaining it is possible to see the structure under examina- 
tion very clearly. 





Fig. 1—Levigating Train. 


In this method, like that of the cloth laps, there is used a slightly 
different procedure for soft metals than for hard, the harder metals 
being much easier to polish than the soft ones. 

The first step to consider is the abrasives used, with particular 
reference to the types of materials and their fineness. For the grind- 
ing, the corundum type gives satisfactory results, and for the polish- 
ing operations levigated alumina is necessary. The commercial levi- 
gated alumina on the market today is not fine enough for this type of 
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polishing and it is necessary to levigate again. This is done in the 
following manner: The commercial levigated alumina is ball-milled 
for a period of about two weeks and then passed through a water 
levigating train. See Fig. 1. This train is simple and is designed 
so that a constant rate of flow and a definite speed of stirring are 
maintained. At certain intervals a predetermined amount of ball 
mill solution is added. This type of grading gives a very uniform 


Fig. 2—Automatic Polishing Machine. 


particle size, and each successive grade is finer so that when used 
successive degrees of finer polishing may be obtained. The powder, 
after levigating, is dried to remove all traces of water and then re- 
ground in a mortar. 

In the grinding and polishing of the specimens, there are three 
factors that play an important part in the finished work. The first 
one to consider is the lubrication of the laps. There are on the 
market today petroleum and vegetable oils that may be used, but they 
must be free from sulphur and acids. These elements, when present, 
will cause some specimens to tarnish. The body of the oil must be 
taken into consideration, as a too heavy oil keeps the specimens away 
from the lap and retards the speed of grinding and polishing. There 
is also a tendency in the case of heavy oils for the specimens to drag 
over the lap and burn the surface. It was found that pure kerosene 
desulphurized with mercury is the best iubricant to use for the 
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erinding and polishing. While grinding with a kerosene mixture of 
M303 to M305 corundum the specimens cut rapidly, and when they 
are polished with a mixture of kerosene and levigated alumina a 
bright finish is produced. 

The speed of the machine must be such that the lubricant will 
remain on the lap, but fast enough to produce a high polish and yet 
not heat the specimens or the lap. When the lap is running too fast 
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Fig. 3—Photograph of a Polished Specimen of Cast Iron with 
Monochromatic Light. x 5. 


it throws the specimens to the outside with a slight tendency to tip 
the specimen and produce a high centered surface. The speeds that 
have given the best results are about 90 revolutions per minute for 
the lap and about 200 revolutions per minute for the head. The lap 
in this type of machine runs counter clockwise and the head runs 
clockwise. See Fig. 2. 

The mounting medium used to mount the specimens is also 
important, as a thermo-plastic material has a tendency to flow during 
the cycle of polishing. From our own results we have found that the 
regular Bakelite is the best all-round mounting material to use. 





TRANSACTIONS OF THE A. S. M. Septen 


When the above factors are taken into consideration, the poli 
ing technique about to be described may be followed as a general 


procedure. However, this procedure depends more or less on 
specimens to be polished, and the experience of the operator. The 
polishing time for six specimens by an experienced operator may 
vary from 2 to 6 hours, depending very much on the specimens 
being polished. 


the 


Fig. 4—Photomicrograph of an Inclusion in Manganese Steel. Unetched. x 1000. 
Fig. 5—Photomicrograph of Inclusions in Manganese Steel. Etched in’ Nital. x 1000. 


Steel specimens polish easier and faster than brass or gold. 
In general, it may be said that ease and speed of polishing become 
more difficult the softer the specimens. 

The general procedure for six steel specimens of an average 
hardness runs about as follows: First, the specimens, after mount- 
ing, are placed into the holders with about % inch extending beyond 
the edge of the holder, and clamped by the set screws so that the 
surface of the specimens to be ground is nearly parallel to the sur- 
face of the holder. The cast iron lap, if the specimen is very rough, 








pten ier 


polish- 
yeneral 
on the 

The 
rm Ly 
cimens 





00. 
1000. 


gold. 


ecome 


yverage 
10unt- 
eyond 
at the 
e sur- 
rough, 














1939 AUTOMATIC POLISHING 763 


is charged with a paste of purified kerosene and M303.* After the 
lap has been placed on the machine the paste is smoothed out by 
means of hard steel loaders. This action of the loader leaves a uni- 
form distribution of the grinding paste. The specimens are then 


placed on the lap and the flow of kerosene from the dropper is 





Fig. 6—Photomicrograph of Electroplated Brass Bar Etched with Am- 
monium Persulphate. 200. This Shows the Retention of Sharp Edges of 
Adjoining Metals. 


started with the speed of about two drops per second. The grinding 
is continued for about five minutes, after which the specimens and 
lap are thoroughly cleansed with kerosene and made ready for the 
next grinding operation. The compound used in the next grinding 
operation is M305,* and this step takes about five minutes. In grind- 
ing, weights may be used to speed up this operation without endanger- 
ing the specimens. After these two grinding operations, the polish- 
ing starts and usually takes about three or four different grades of 
levigated alumina. A lead lap is used for this part of the cycle and 
the kerosene is applied by hand, using a small oil can to keep the lap 
lubricated. When loading the lead laps, the paste made of purified 
kerosene and levigated alumina should be smoothed out by means of 


*Products of American Optical Company. 
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Fig. 7—Photomicrograph of Malleable Cast Iron, Nital Etch < 50. 
Fig. 8—Photomicrograph of Malleable Cast Iron, Nital Etch. x 1000. 
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the loaders for a longer period of time. This insures one of a very 
uniform distribution of the compound and shortens the polishing time 
to about ten minutes per lap. 

The operator in using the above procedure will undoubtedly vary 
it to conform with the work he is doing. 

In polishing specimens, the nearer that one can approach an 
optically flat surface the more accurate the results and the greater 
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Fig. 9—Photomicrograph of Gray Cast Iron, Unetched. x 50. 
Fig. 10—Photomicrograph of Gray Cast Iron, Unetched. x 500. 





the ease of photographing. The flatness of a cast iron specimen is 
shown in Fig. 3. This photograph was taken with monochromatic 
light having a wave length of 0.000546mm. In this photograph the 
distance between each band is one-half of a wave-length or 
0.000273mm. If the specimens were optically flat the bands would 
be parallel and straight. 

Some of the results obtained from this method of polishing are 
shown in Figs. 4-10. It should be noticed that the inclusions in Figs. 
4 and 5 are not pulled out, and also in Figs. 7 to 10 the graphite 
particles are still intact with their parent metal. Fig. 6 shows how 
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it is possible to obtain sharp edges when different metals are eleciro 
plated upon each other. 
0.0003 inch in thickness. 
The author wishes to thank H. W. Schwartz, manager of 
search of National Malleable and Steel Castings Company, for the 
cast iron specimens used in preparing this paper. He also wishes to 
acknowledge the assistance of W. J. Wrighton, chief metallurgist of 
the American Optical Company, and Lawrence Litchfield, laboratory 


The nickel plate next to the brass bar is 


assistant, whose help in developing the polishing technique was in- 
valuable. 


DISCUSSION 


Written Discussion: By L. R. vanWert, metallurgist, Leeds and North- 
rup Co., Philadelphia. 

To this reader, Dr. Jarrett’s paper is, in the first place, a reminder that 
substantial progress has been made in metal-lap polishing technique since he 
first observed Dr. Graton’s early work on ore minerals in the middle 1920's. 
Much of the progress that has been made since that time has, in fact, been 
due to the continued work of Dr. Graton and his co-workers in Economic 
Geology at Harvard, and—to the small extent that his technique has been 
applied to microscopical metallography—to certain former students of physical 
metallurgy at Harvard, as Dr. Jarrett, who has an unusual opportunity to 
observe the development of Dr. Graton’s machine and technique. 

More specifically, I find interest in the author’s paper because of what 
he has been able to accomplish for metallurgists in the field of automatic pol 
ishing on metal-lapped disks, namely: an unusual flatness of field, the absence 
of relief polishing effects in heterogeneous alloys made up of phases of widely 
varying hardness, and the relative freedom from scratches. 

It might be of interest to some, if the author would give the name of the 
manufacturer of his polishing machine. 

Written Discussion: sy H. L. Anthony, III, research metallurgist, The 
Midvale Co., Nicetown, Philadelphia. 

While the Geology Department of Harvard University, Cambridge, Massa- 
chusetts, has been utilizing a method similar to that described by the author 
for polishing mineral specimens, the commenter believes that this is a new 
approach in the polishing technique of metal specimens. While the time ol 
polishing is far too long for commercial production, it lends its application 
to research especially in the field of nonmetallic inclusions where metal flow 
and vibration are present in the paper and cloth methods. 

The accompanying photomicrograph is of malleable cast iron produced at 
650 degrees Cent. for 248 hours. 
used by the author. 
in this paper, existing scratches on the outside of the nodule of graphite are 
very evident. 


It has been polished similar to the method 
While the method was not as refined as the one described 
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However, the internal structure of the graphite nodule in this photo- 
micrograph is similar to the author’s Fig. 8 in that the small particles of 
ferrite are exhibited. Ordinarily the paper and cloth laps would have caused 
the graphite to flow and the small particles of ferrite would never have been 
noticed. 

It has been a pleasure to review the paper and I am sure the author will 
ascertain a method in the near future for eliminating the small scratches he 
mentions in this method. 

Written Discussion: By C. W. 
and metallography, Cornell University, Ithaca, N. Y. 


Mason, professor, chemical microscopy 


Scientific investigation of surfacing processes is certainly necessary, for 
improvements both in technological operations (polishing, buffing, etc.) and in 
microscopical preparations, technique, in which the surfacing procedure is one 
of the most important determinants of realiable observation. 

The author uses the terms “ground” and “polished” as if they represented 
different kinds of surfacing processes, whereas with microscopically fine 
abrasives the difference is of degree. The extremes might be thought of as 
planing contrasted with burnishing action of the surfacing medium, but of 
course both these actions exist. A third type of surfacing action occurs when 
the abrasive particles roll, and exert what is essentially a chipping and 
indenting action, as distinguished from their planing and flowing action when 
the grains are more or less anchored in cloth or soft metal laps. This third 
type of abrasion is probably minor in most metallographic surfacing, but 1s 
of major importance in the surfacing of brittle minerals and in grinding glass. 
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Intermediate effects may occur if the abrasive is carried on a relatively har 
smooth lap. 

It would be helpful if investigations of surfacing on metal laps gave more 
consideration to the above three modes of approximating a plane surface, and 
attempted to analyze the way in which each one might be controlled. Cer- 
tainly the nature of the lap and of the specimen, the mechanical properties 
the abrasive, the lubricant, and the speed are the most important factors, but 
any or all of these factors may depend on as complex theory as that now 
known to govern the lubrication of bearings. 

For the above reasons an empirical study, however effective its results on 
certain materials, can contribute little to the broader knowledge of surfacing 
processes. Even a statement of the actual initial and working sizes of th 
abrasive (as well as the manufacturer’s number or the term “levigated’’) 
would be a step in the right direction. The pressure per unit area of the speci 
men, and the actual surface speed would also be easy of determination. Wit! 
out these, and other more complex data, the work can be judged only by the 
specimens produced. It is unfortunate that Figs. 8 and 10, although indicating 
little rounding of the edges of the metallic matrix (oblique illumination would 
be a better test of this) do not give the impression of smooth retained graphit: 
which in photographs having normal contrast appears gray, not black. 

It might be pointed out that macroscopic planeness, as indicated by inter 
ference fringes at 5 (Fig. 3), while important in lapping operations for mir 
rors, prisms, and lenses, is much less significant in metallography than micro 


scopic smoothness over the field examined. Local microscopic undulatons 
would not be revealed unless the fringes were observed at the magnification 
to be used, as has been done by Hoare and Chalmers.” The apparent rough 
ness of the fringes pictured points to lack of microscopic planeness, even 
though the specimen as a whole is flat. 

The methods of preparation of abrasives and of the specimen are not 
stated in sufficient detail to enable another worker to duplicate them. If 
equally good results may be obtained using any variations comprised within 
the vague directions given, there appears to be little presented that is specifi- 
cally novel. 


Oral Discussion 


Cart L. SHaprro:* Dr. Jarrett’s paper is a distinct advancement to our 
knowledge of polishing and, although the basic principle has been applied by 
others, the technique of polishing has been greatly improved by him. This 
improvement not only rests in the polishing powders but also in the polishing 
machine proper. However, I would like to ask Dr. Jarrett a few questions, 
namely: (1) Is the fine polish attained due to the uniformity of the abrasive 
powders or due mainly to the improved machine construction and (2) can 
the speed of polishing be increased by increasing proportionately the revolu- 
tions per minute of the head and lap in the same ratio of 200 to 90 as is 
used now? 


8Journal, Iron and Steel Institute, Vol. 132, 1935, p. 135. 
‘Consulting engineer, Syracuse, N. Y. 
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O. E. Harper:* It appears that even in this automatic polishing there is 
a great deal that depends upon the individual. I have not polished metal- 
lographic specimens for eight or ten years, but I have had occasion to look 
at a good many that have been prepared and to look at the results obtained 
and observed that probably the most frequent defect is over-polishing. 

These fellows who polish and polish are I think, like the cook who was 
boiling eggs. She cooked and cooked them in an effort to get soft boiled 
eegs. That is what happens to these metallographical specimens—they keep 
polishing and polishing and they will not flatten. What they are doing is 
roughtening them more and more. It is my experience that if those fellows 
would use about a fifth and in some cases only a tenth of the polishing time 
and keep a flat surface, they would get a very much better preparation. | 
refer to polishing on cloth. 

W. H. Swancer:* I would like to ask for further information on a ques- 
tion brought up in one of the previous discussions of Dr. Jarrett’s paper. Does 
anyone here care to express an opinion as to whether or not increasing the 
speed of rotation of the polishing wheel would result in more rapid com- 
pletion of the polishing operation? 


Author’s Reply 


The author is indeed grateful to those who have discussed this paper, and 
the number of discussions offered indicates the interest that is centered upon 
the preparation of metallurgical specimens. 

It is most pleasing to note that others such as Dr. Anthony, have also 
observed similar results in cast iron specimens. The author is inclined to 
agree that this method is too long for commercial production, but it is his 
hope that from investigations now going on the polishing time will be shortened 
and also an improvement in technique brought about. 

Dr. vanWert is correct in saying that this type of polishing was first 
applied to minerals and the author, bearing this in mind, has described a method 
basically similar, but with improvements and modifications that make it ap- 
plicable to metal polishing. 

In reply to Mr. Swanger’s remarks the speed of the machine of course is 
important. If you use too high a speed there is a tendency for the specimens 
to be thrown to the outside of the lap, producing a very high center. This is 
very pronounced when using a speed of 250 r.p.m. When using a speed less 
than 200 r.p.m. the grinding and polishing operations are slowed up consider- 
ably. Dr. Shapiro has brought up a very important point about polishing 
powders. We have found that the uniformity of the powder is extremely 
important. If there are a few large particles in the fine powder deep scratches 
will be produced and the object of the fine powder will be destroyed. The 
uniformity of the powder and the construction of the machine must be cor- 
rect to obtain good results. There is no advantage in increasing the speed of 
the machine in the same ratio that is now used. 

With reference to Dr. Mason’s remarks, the author wishes to state that 


SAssistant director, Battelle Memorial Institute, Columbus, Ohio. 
®Metallurgist, National Bureau of Standards, Washington, D. C. 
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the term “ground-polished” is justified because it certainly is not a true ground 
surface, but it approaches the characteristics of a true optical surface. In re- 
gard to the difference between a ground and polished surface, even experts 
in the optical field still disagree and it is a perennial topic of discussion. 

The author wishes to stress again that he did not intend this to be a 
theoretical paper, but rather to be a general outline of an improved method 
for the preparation of metallurgical specimens for microscopic examination. 
In the grinding operations, the sizes of the particles are of less importance 
than the shape of the grinding particles and their uniformity. The M303 and 
M305 are American Optical Company catalog numbers and are widely used 
throughout the world and have the respective average sizes of 800 and 3200 
mesh. The sizes of the polishing compound have not been determined. As 
was stated in the paper, they were produced from Norton’s levigated alumina. 

In Figs. 8 and 10, the appearance of the graphite being black or gray is 
a matter of photographi: technique and of personal preference. 

In the reference to Hoare and Chalmers, there are deep holes of many 
wave lengths to be measured in their material and, in consequence, high mag- 
nification is necessary. This high magnification is necessary because the in 
cluded angle is so sharp and the fringes consequently very close together. 
In Fig. 3 of the author’s paper there are no such sharp holes present, and a 
higher magnification covering a smaller area would only show one band, with 
possible irregularities very much less than a width of a band. 

In determining the kind of sizes of abrasives to be used in this method, 
considerable research had to be done. Certain particle sizes and structures 
are necessary for good results upon metallurgical specimens. In- polishing 
minerals there is a wider tolerance of compounds than may be used. Thi 
author tried a large number of compounds, such as carborundum, corundum, 
levigated alumina, tin oxide, etc., and found that the compounds mentioned 
in the paper gave the best results. It was the intention of this paper 
not to describe this method in exact detail. As previously stated, another 
operator may vary this detail procedure to suit his own conditions. The fact 
remains that in the literature no such results have been shown and therefore 
the author believes that this method has some merit and may prove to have 
considerable value in the preparation of metallurgical specimens. Such has 
been the writer’s own experience in its practical use. 

There appears to be some doubt about the possibilities of automatic pol 
ishing machines. I do believe, however, that there is a time coming when 
polishing metallurgical specimens will be a simple routine rather than an art. 
As was stated, the polishing of specimens is an art, and this so-called art is 
brought about by the fact that the human element plays an important part 
in the polishing of specimens. In the near future | think that an automatic 
polishing machine will be on the market that will reduce the effect of the 
human element and tend to standardize the polishing of metallurgical specimens. 
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A METALLOGRAPHIC APPROACH TO THE STUDY OF 
THE SENSITIVITY OF STEEL TO COLD WORK 


By H. K. Work AND S. L. CASE 
Abstract 


This paper presents results of a metallographic study 
on a number of steels displaying considerable variation in 
their sensitivity to cold work and their aging characteris- 
tics. The sensitivity of these steels was measured by a 
work-brittleness test; their aging behavior was evaluated 
by means of damping capacity tests. The metallographic 
examination utilized a modification of Fry's microetching 
reagent and was made on broken tensile test specimens 
annealed at 600-800 degrees Fahr. (315-425 degrees 
Cent.). It was shown that the number and character of 
strain lines produced by the etching technique are parallel 
to work-sensitivity and aging tests. This method of ex- 
amination is applicable to low as well as medium carbon 
steel and it can be used on thin gage materials and small 
specimens. 


INTRODUCTION 


HE suitability of a steel for any particular application depends 

on many factors. Not the least important of these are the 
variations from heat to heat which are not explained by ordinary 
chemical analysis. In former years it was customary to consider 
these differences as normal commercial differences. In recent years, 
however, there has been a determined effort to understand them and 
use them to the advantage of the steel fabricator. Studies of grain 
size, gases in steel, hardenability, heat treatment, and sensitivity to 
cold work exemplify this effort. The study described here was 
directed toward finding a simple metallographic test for the predic- 
tion of the sensitivity of steel to cold work. 

The term ‘“work-sensitivity” was first employed by H. W. 
Graham (1)! to signify “a characteristic degree of reaction of steel 


‘The figures appearing in parentheses refer to the bibliography appended to this paper. 


A paper presented before the Twentieth Annual Convention of the Society 
held in Detroit, October 17 to 21, 1938. Of the authors, H. K. Work is man- 
ager of research and development, Jones and Laughlin Steel Corporation, and 
S. L. Case is metallurgist, research and development division, Jones and 
Laughlin Steel Corporation, Pittsburgh. Manuscript received July 25, 1938. 
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to cold work.” Differences in work-sensitivity manifest themselves 
in the degree of embrittlement and aging after cold work. This 
variation in response to cold work is measured by a work-brittleness 
test briefly described in another paper by the same author (2). A 
tapered round bar 0.450 inch on one end and 0.475 inch on the other 
end is prepared. The total length of the tapered portion is 10 inches. 
This specimen is drawn through a 0.450-inch die. The result is a 
gradual increment of cold work from zero on one-end of the speci- 
men to 10.3 per cent reduction of area on the other end. The cold 
drawn specimen is notched with a regulation Izod notch at 1.1-inch 
spacings and broken on an Izod impact machine, thus furnishing 
eight points for a work-brittleness curve from a single specimen, the 
increment of cold work from point to point being equivalent to 1.2 
per cent reduction of area. It was pointed out that the characteristic 
response of a given heat to cold work is apparently independent of 
chemical composition, so far as common elements are concerned, and 
that it cannot be readily predicted from static tests or grain siz 
The general concept of work-sensitivity and the application of damp- 
ing capacity measurement to evaluation of sensitivity and aging 
characteristics of steel has been amplified in recent articles by S. L 
Case (3), (4). The present paper gives results of metallographic 
studies of a number of steels on which the work-sensitivity was 
determined by means of work-brittleness tests, and aging character 
istics were investigated by damping capacity measurements. 

The purpose of this metallographic study was to develop a test 
which could be substituted for work-brittleness and aging tests on 
thin gage material where the dimensions do not permit the prepara- 
tion of work-brittleness or damping capacity test specimens. 


W orK-SENSITIVITY AND DAMPING CAPACITY AGING TESTS 


Table I shows the chemical composition of five heats of steel 
used to illustrate this study. Both heats 88225-2A and 88225-R are 
of Bessemer origin, while heats C-355, C-357, and C-358 were made 
in a laboratory induction furnace. The work-brittleness tests on 
these heats are shown graphically in Fig. 1. 








The aging characteris- 
tics of these heats are illustrated by means of damping capacity tests 
on Figs. 2 and 3. From the work-brittleness curves it is evident 
that heats 88225-2A and C-357 have a very low work-sensitivity, i. e., 
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Table | 


Chemical Composition of Steels Used for Strain Line Studies 


— ———_—_—_—_—__——-Per Cent— — 
Carbon Manganese Phosphorus Sulphur Silicon 
0.10 0.34 0.095 0.053 0.065 
0.09 0.37 0.095 0.055 0.029 
0.14 0.54 0.010 0.030 0.180 
0.12 0.54 0.009 0.031 0.230 
0.19 0.46 0.007 0.032 0.200 
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Steel 88225-R was semi-killed; all the other steels were fully killed. 


120 


ZOO 


lass ‘7 Foot Pounds 
® 


y 


Nr” 





Be “EK! Bick sto Bo ee 
Reaction of Ares, Percent 


Fig. 1—-Work-Brittleness Tests on Heats Listed in Table I. 
Steels 88225-2A and C-357 Show a Low Order of Work- 
Sensitivity; Steels 88225-R and C-358 are Very Sensitive; Steel 
C-355 is Intermediate. Test Specimens were Normalized at 
1650 Degrees Fahr. Previous to Machining. 
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QO § 70 sO § 10 1S 
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Fig. 2—Damping Capacity Aging Curves on 
Heats 88225-2A and 88225-R. 88225-2A has a Low 
Aging Rate, While 88225-R is Rapidly Aging, Show 
ing Appreciable Strain Aging in 1 Hour After 
Cold Working. In 24 Hours it Aged More than 
88225-2A Aged in 1 Year. Tests were made on 
Specimens Normalized at 1650 Degrees Fahr. Previ- 
ous to Machining. 
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they show little embrittlement under cold work up to 10 per cent 
reduction of area. Heats 88225-R and C-358 are very sensitive to 
cold work, while heat C-355 is of intermediate work-sensitivity. The 
aging characteristics of these heats, as evident from their damping 
capacity curves, parallel their work-sensitivity ratings. Heat 88225- 
2A shows very little aging in 14 days; heat 88225-R was almost 
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Fig. 3—Damping Capacity Aging Curve on Heats C-357, C-355, and 
C-358. Steel C-357 has a Low Aging Rate, C-358 a High Aging Rate, and 
C-355 is Intermediate. Tests were made on Specimens Normalized at 
1650 Degrees Fahr. Previous to Machining. 












completely aged in this time interval, and shows perceptible aging 
in 30 minutes. Heats C-357, C-355, and C-358 display aging differ- 
ences, having roughly the same relationship to each other as their 
work-sensitivity ratings. 


MACROETCHING FOR STRAIN LINES 


Since A. Fry (5) published results of strain line etch investiga- 
tions, his etching method has generally been considered a desirable 
approach to the study of cold deformation. Other investigators (6), 
(7) have shown that strain lines developed by this etching procedure 
seem to be associated with notch toughness and aging characteristics. 
Their work was based on macroetching, and, as Jevons (6) has 
established, the etching requires periods as long as 100 hours to 
bring out finer distinctions, and even at that many steels apparently 
fail to develop strain figures under a macroetch. Like Luders lines, 
strain lines developed by a macroetch appear only in portions of the 
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speciinen overstrained just slightly above the yield point, and are 
brought out only in low carbon steels. The nature of the strain lines 
for the present remains a conjectural subject. Fry associated them 
with oxides of iron and silicon. Koster attributes them largely to 
nitrogen. According to Koster (8), this is the mechanism of their 
formation. 
normal cooling conditions a supersaturated solid solution is formed. 
When such material is cold-worked and then annealed at a tempera- 


ture in the neighborhood of 500 degrees Fahr., preferred precipita- 


Nitrogen precipitates out very sluggishly, so that under 


tion of nitrogen takes place in the strained zone. The same reason- 
ing could apply to iron oxide or any other constituent which imparts 
to steel aging characteristics. Recent researches (9), however, point 
to the conclusion that while oxygen enhances the effect of nitrogen, 
in the complete absence of nitrogen, oxygen does not lead to forma- 


tion of strain lines. 
Microetcu TESTs FoR STRAIN LINES 


While macroetching for strain lines has been used rather fre- 
quently in the study of steel behavior, very few references are avail- 
able on the significance of microetching methods. It is well known, 
however, that strain lines can be developed in a cold-worked steel 
specimen by various etching reagents. A nital etch often brings 
them out, but Fry’s etching reagent generally shows more consistent 
results. A comparison of the two etching methods is shown in Figs. 
4 and 5. The nital, etch brought out very few strain lines, while 
I'ry’s reagent developed a large number of them in the same speci- 
men. Whether or not the strain lines developed by both reagents are 
qualitatively identical is a debatable question. That a qualitative 
difference between them may exist is indicated by the fact that 
quenching from above the upper critical temperature previous to 
cold working accentuates strain lines developed by a nital etch, 
while it seems to inhibit strain lines developed by Fry’s reagent. 

It was found that if, previous to etching with Fry’s reagent, the 
cold-worked specimen is annealed at a temperature of 600 to 800 
degrees Fahr., the strain lines seem to reach a maximum intensity 
in both quality and quantity. The results, however, were difficult 
to follow due to the tendency of copper to plate out of the solution 
and obscure the general picture. A modification of this reagent was 
irrived at and was found to give more consistent and reproducible 








Fig. 4—Strain Lines Developed in Low Carbon Steel by Etching with 4 Per Cent 
Nital. Test Specimen Annealed for % Hour at 700 Degrees Fahr. X 1000. 

Fig. 5—Strain Lines Developed in the Same Specimen as Shown in Fig. 4 by 
Etching with Modified Fry’s Reagent. 

Fig. 6—An Insensitive Heat. Specimen Taken from Broken Tensile Test at Point 
of Fracture. Annealed at 700 Degrees Fahr. and Etched in the Reagent, Described in 


: A Sensitive Heat. Specimen Taken from Broken Tensile Test at Point 
of Fracture. Annealed at 700 Degrees Fahr. and Etched in the Reagent, Described 


in Table II. 
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results. The comparison of Fry’s original reagent and etching tech- 
nique as well as that of the modified reagent is shown in Table IT. 
In the preparation of the specimens various types of cold work, 
such as tension, compression, bending, and torsion, were tried. It 
was found that ordinary broken tensile specimens, if examined near 
the break, fully answered the purpose of the test, since the amount 
of cold work in the necked portion is sufficient to bring out essential 
differences in the response of various steels to the microetching pro- 
cedure. Previous to breaking, the tensile specimens are subjected 
to a normalizing treatment at 1650 degrees Fahr., to eliminate the 
effects of any previous cold work or internal stresses. The examina- 
tion described below was made on the longitudinal section of the 
tensile specimens which, after pulling the test, were annealed at 700 
degrees Fahr. (370 degrees Cent.) for % hour, polished and etched 
repeatedly, as explained in Table IT. 


Table Il 
Etching Reagents and Etching Practice Used in Strain Line Studies 


Fry’s. Reagent Modified Reagent 


( ‘omposition 
Hydrochloric Acid 40 cc. 1} -ce. 
Water 30 cc. a 
Cupric Chloride 5 grams 4.5 grams 
Ethyl Alcohol 25 cc. ao ce. 
Preparation of Specimen Anneal for % hour Anneal_ cold-worked specimen for 
at 400-500° F. 4 hour at 600-800° F. 
Etching Procedure Etch for 10 seconds Give preliminary etch in nital to 


show pearlitic grains. Etch for 4 
seconds in modified reagent. Repeat 
etching until the intensity of strain 
bands stops increasing. 


Microetcu Tests with Mopiriep Fry’s REAGENT 


Results of the metallographic examination of the heats described 
previously are illustrated in Figs. 6 to 10 inclusive. As had been 
anticipated, work-sensitivity and aging characteristics of these steels 
are indicated qualitatively in the strain line micrographs. The two 
Bessemer heats shown in Figs. 6 and 7 give a particularly striking 
example. On the insensitive heat 88225-2A comparatively few strain 
lines are present and only in a few favorably situated grains, the rest 
of the grains being practically free of strain bands. On the sensitive 
heat 88225-R the strain lines show a regular geometric pattern, 
indicating slip or precipitation along at least two planes and covering 
practically the entire ferrite area in each grain. The induction fur- 
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Fig. 8—An Insensitive Heat. Specimen Taken from Broken Tensile Test at 
Point of Fracture. Annealed at 700 Degrees Fahr. and Etched in the Reagent, 
Described in Table IT. 

Fig. 9—A_ Sensitive Heat. Specimen Taken from Broken Tensile Test at Point 
of Fracture. Annealed at 700 Degrees Fahr. and Etched in the Reagent, Described in 
Table II. 

Fig. 10—A_Heat of Intermediate Sensitivity. Specimen Taken from Broken 
Tensile Test at Point of Fracture. Annealed at 700 Degrees Fahr. and Etched in the 
Reagent, Described in Table IIT. 
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nace heats tell a similar story; very few strain lines are evident on 
the insensitive heat C-357, a maximum on the sensitive heat C-358, 
and the intermediate heat C-355 occupies a corresponding position 
in the occurrence of strain lines. 

Results shown in Figs. 6 to 10 are typical of a large number of 
other heats examined by this method. In associating the strain line 
etch tests with work-sensitivity and aging characteristics of steel, it 
is of interest to note that, as a regular occurrence, the strain lines 
developed in work-sensitive steel cover the entire ferrite grain and 
extend a considerable distance from the break in a tensile test piece, 
while in an insensitive steel they are generally found only in certain 
favorably oriented grains and seldom extend throughout the entire 
grain; they are also limited to an area in the immediate vicinity of 
the break. They can be developed in any hypoeutectoid work-sensi- 
tive steel containing free ferrite. It is, however, important to bear 
in mind that a certain amount of care is essential in carrying out the 
etching procedure. Overetching tends to darken and stain the speci- 
men; underetching may fail to bring out the maximum number of 
strain lines in a particular grain. In general, repeated etching should 
be continued until there is no further increase in the number of 
strain lines. 

The microetch method offers a new approach to the study of 
work-sensitivity and aging characteristics of steel. The practical 
value of such a test lies in its ready applicability to thin gage mate- 
rials, such as wire and strip, which do not permit use of certain of 
the more selective physical tests for determination of these properties. 
The steels used as illustrations in this paper were of the killed and 
semi-killed types. The application of the test to heterogeneous 
products, such as rimmed steels, is now being investigated. 


SUMMARY 


1. A new metallographic index of sensitivity of steel to cold 
work and its aging characteristics is described. 

2. Strain lines, produced in cold-worked steel by a modification 
of Fry’s etching reagent, are apparently associated with work-sensi- 
tivity and aging characteristics of steel. 

3. This method of evaluating work- and aging-sensitivity can 
be used on low as well as medium carbon steel. It is also applicable 
to thin gage materials and small specimens on which work-brittle- 
ness and damping capacity tests cannot be made. 
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DISCUSSION 


Written Discussion: By Oscar E. Harder, assistant director, Battelk 
Memorial Institute, Columbus, Ohio. 

The authors of this paper have made an interesting contribution in thei 
correlation of the work-sensitivity of steels with impact resistance, damping 
characteristics, and response to a modified Fry’s etching reagent. 

As the authors ably point out in their introduction, much progress has 
been made in the finer points which characterize steels. In this line it seems 
hardly adequate to simply say that a steel was semi-killed or fully killed. 
There was a time when silicon was largely relied upon to kill the heat but at 
the present time the steel may be killed by silicon, aluminum, titanium, or 
zirconium, or combinations of these elements. It is also of importance to 
know at what time in the steel making process the metals were added fo! 
killing the heat. 

I believe Dr. Work in presenting the paper mentioned that certain of thes 
steels were killed with aluminum. In that case, it is also of some interest to 
know the amount of aluminum added and whether the aluminum added was 
all or practically all converted into alumina or whether metallic aluminum 
was retained in the steel. 

It might be of interest to those engaged in studying work-sensitivity and 
aging of steels to make reference to the research conducted at Battelle Memorial 
Institute, 1930 to 1932, and published by Samuel Epstein in Proceedings 0! 
A.S.T.M., Vol. 32, Part Il, pages 293 to 374. In that paper there was shown 
to be a difference in the type of steel (Bessemer, duplex, open-hearth, Izett, 
etc.) regarding its sensitivity to cold working, as in punching holes, and as in 











OK 7 


Oth 


Ociety 


GRI 5S, 
neues 
urnal., 


guren 
». 533, 


Irchiv 


mente 
| und 


tte Lhe 


thei 
Iiping 


} has 
eems 
illed. 


ut at 


thes 
st to 

was 
inum 


and 
orial 
Ss Ol 
Ow ll 
zett, 


is in 


1939 DISCUSSION—COLD WORKED STEEL 







781 






mpressing the specimens various amounts and then testing them in impact. 
lhe effect of testing temperature also showed that there was a difference 
depending upon the type of steel and how it was made. 





The relations which the authors have found between damping capacity and 





other properties of steel are interesting and should be valuable in further 





research work along this line. 
| would like to know whether or not the authors have found a correlation 






between the nitrogen content of the steels and their sensitivity? 









Oral Discussion 





W. A. ScHUMACHER:’ I would like to ask the authors if any work has 
heen done on the checking of the sensitivity of S.A.E. 1065 hardened tempered 






steel to cold work. 
I. A. Ronric:’ I should like to ask the authors if they have tried any of 









these tests on steels which have been strongly deoxidized with aluminum. Then 





I note on the first slide shown that the silicon was relatively low in the heats 






that were fully killed and I believe if the silicon were higher the tendency of 






sensitivity to cold work would be eliminated. I have noticed a condition 





similar to this, such as the strain lines that were shown on some of the earlier 





18-8 alloys in which the carbon was rather high. It was possible to produce 





conditions very similar to the strains. 





W. H. Swancer:* I would like to ask the authors a question concerning 





the results of their Izod tests on the work-hardened steels. The curves show 






distinct differences for the several steels. It is known also that with many 






steels, similar differences are obtained on specimens from the same steel, if the 





Izod, or Charpy, tests are made over a sufficiently large range of temperature. 






Were effects of different temperatures of test correlated with the’ differences 






in the materials shown in the paper? 





GeorGE F. Comstock :* What is the maximum carbon content of the steel 






to which you think this metallographic test could be applied? 
H. F. Katser:* I would like to ask Dr. Work if, in the Izod specimens 








giving graded increments of the cold work, he found any correlation in the 





number and distribution of strain lines in the cold work. That is, just how 





did the concentration of the strain lines increase with the degree of cold work? 






C. D. Coxe:* Is my understanding correct that sensitivity to cold work 






increases as susceptibility to aging increases? If so, is it safe to assume that 





the so-called stabilized or non-aging steels will be immune from sensitivity? 
Ratpw W. E. Lerter:' The work-brittleness curves of the several steels 
obtained by plotting Izod-impact test values against per cent cold reduction 







shows in some instances a distinct increase in ductility with a small amount 
of cold work. The authors have made no analysis of this peculiar phenomenon. 








| should like to ask if there is any relation between this increase in ductility 






and sensitivity to cold work. 


‘Research metallurgist, Wm. D. Gibson Co., Chicago. 

*Research metallurgist, Detroit Edison Co., Detroit. 
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TResearch Metallurgist, Edw. G. Budd Manufacturing Company, Philadelphia, Pa. 
























782 TRANSACTIONS OF THE A. S. M. September 


In our static tensile testing we find that fully annealed low carbon stee| 
shows a marked decrease in ductility above a certain critical rate of deforma- 
tion. Stretcher strains start at several points and before they can traverse the 
test piece fracture occurs in one of the parts first to deform; the reason being 
that the lower yield point is higher than the tensile strength. This critica] 
rate of deformation has been found to be as low as 40 inches per inch per 
minute for one steel. In impact testing we would expect this critical rate to 
be exceeded in all cases. 

A small amount of cold work markedly lowers the yield point and causes 
deformation to occur simultaneously in all parts of the test piece. More metal 
is deformed so that the energy required for fracture is greater than in the case 
of fully annealed steel. 

I. A. Rowric: One thing more comes to my mind. I wonder if the 
authors feel that at the present time their work would in any way show that this 
study of sensitivity to cold work could be in some way related to creep rates, 
or the sensitivity to creep? 


Authors’ Reply 
(Dr. Work) 


Replying to Mr. Schumacher’s question concerning the S.A.E. 1065 steel, 
both work-brittleness and damping tests have been used to check the sensitivity 
of this material. The metallographic test cannot be used because the material 
contains no free ferrite. 

With reference to Mr. Rohrig’s question on the use of aluminum for 
deoxidation, it has a very marked effect on sensitivity, although I would lik 
to point out definitely that the deoxidation practice is not the only factor 
In other words, there is the question of what you are deoxidizing as well as the 
deoxidizing procedure. With reference to the Bessemer heats, the one that 
was insensitive was deoxidized with aluminum, while the sensitive heat was 
silicon capped. In the case of the induction furnace heats, the insensitive one 
was aluminum and silicon-killed and the other two were silicon-killed. There 
was considerable difference between the intermediate sensitive steel and the 
very sensitive one. The killing was the same, but there was a difference in 
the material itself. 

Replying to Mr. Swanger’s question on the effect of temperature on the 
impact tests, it is possible to secure a general picture of sensitivity by making 
impact tests over a range of temperature, but we have found the work-brittle- 
ness test more convenient for our purposes because it gives a quantitative 
measure of the effect of cold work on the impact strength of the steel. 

With reference to Dr. Harder’s question on the effect of nitrogen, th« 
total nitrogen on the two Bessemer heats, which differ so greatly in sensitivity, 
was practically identical. 

Replying to Mr. Comstock’s question about the maximum carbon content, 
this metallographic test may be used on any steel containing free ferrite. 

With reference to Mr. Kaiser’s question about the effect of the variations 
in the strain lines developed in the work-brittleness test specimens, our metal- 
lographic tests were made on tensile test specimens-—not Izod specimens. 

Mr. Coxe raises a question about the relationship of sensitivity versus 
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aging. We definitely feel that the sensitivity and aging are related phenomena ; 
‘) other words insensitive steels are non-aging. As a matter of fact, we con- 
sider aging a phase of the general subject of sensitivity. 

Replying to Dr. Leiter’s question regarding the rise in the work-brittleness 
curve noted at small amounts of cold work, we do not always get this and 
[ am not certain whether or not it is significant. It may possibly result from 
a lack of precision in the Izod test itself. 

With reference to Mr. Rohrig’s question on the relation of sensitivity to 
creep, we have not attempted to correlate the two phenomena. 

Replying to Dr. Harder’s written discussion, | believe that his questions 
are already substantially answered in the reply to Mr. Rohrig’s oral discussion. 
With regard to the suggestion that more data on the deoxidation practice be 
included, we feel that this does not tell the whole story and may actually be 
misleading. Therefore, since the paper deals primarily with a metallographic 
test rather than an attempt to explain the phenomenon of work embrittlement 
and aging, this information was intentionally excluded. 

The authors wish to thank the various discussors of this paper for their 
kind interest in it. It is hoped that this paper will stimulate further work on 
this very intriguing subject. 













METHODS OF PREVENTING SHATTER CRACKS 
OR FLAKES IN CARBON STEELS 


By H. B. WisHart and A. N. Swanson 
Abstract 


High carbon steel purposely impregnated with hydro- 
gen is highly susceptible to internal cracking, in the larger 
sections, when regularly cooled from rolling temperature. 
Advantage has been taken of this method to secure suit- 
able steel for the study of these cracks or “flakes” in a 
convenient product, rails, in which the incipient ruptures 
are known as “shatter cracks.” Methods have been de- 
veloped to prevent shatter cracks in such sensitive steels. 
The paper reports the temperature range during cool- 
ing in which the cracks form and the optimum cooling 
schedules which gemigee the cracks. The study includes: 
1. Controlled or retarded cooling of the steel over 
several different ranges of temperature after the 
last rolling operation, and 
2. Halting the regular cooling of the steel and holding 
at several approximately constant temperatures, 
below the transformation temperature and at and 
above 500 degrees Fahr., for a variety of intervals, 
prior to final atr-cooling. 
Both schedules eliminate cracks. By the first method, 
an adequately retarde d cooling applied after cooling to 
any temperature above about 400 degrees Fahr. suffices. 
By the second method, which is more effective for a given 
time cycle, a holding of only 1% hours at 1000 to 1200 
degrees Fahr. prevents cracks. Thus temperature and 
time interval are essential factors to be controlled and 
these in turn are determined by mass. 


























NTERNAL cracks, commonly known as flakes or shatter cracks, 
which form occasionally in the larger sections of high carbon 
steel during cooling have been intensively studied, but have not been 






completely explained. Analyses of the various manufacturing proc- 
esses in steel making have, generally speaking, failed to show why 
some heats of steel are seemingly predisposed to this internal disrup- 







Of the authors, H. B. Wishart is metallurgist, and A. N. Swanson is 
assistant chiet metallurgist, Carnegie-Lllinois Steel Corporation, Gary, Indiana. 
Manuscript received September 22, 1938. 
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tion while others, even though in some instances made in the same 
pen-hearth furnace immediately following or preceding the defective 
eat, are free of this defect. While it must be presumed that ten- 





ional stress is the immediate occasion for shatter cracks such a state- 





nent is not illuminating because the internal stress, of thermal origin, 





may well be of fairly constant magnitude whereas various heats of 





steel may respond quite differently to such stress. This is brought 
out by the fact that only a small portion of the steel made develops 






shatter cracks when cooled in air. 





To date two methods are being employed to prevent shatter crack 





formation, namely Brunorizing and controlled or retarded cooling ; 





the details of both methods are generally well known. A third method 





which is allied to the controlled cooling process and yet deviates to a 
marked degree, has been established. The data set forth in this 
paper outlines this third method. In developing the new method, 







data secured from the controlled cooling of rail steel supplied infor- 





mation as to the temperature range in which shatter cracks form. 





One of the difficulties in any study intended to develop methods 





of preventing shatter cracks, has been the inability of the investi- 





gators to produce a heat of steel when desired which would yield a 





finished product containing such defects. This remained a serious 





obstacle until experiments involving the introduction of various 





gases into liquid ingots showed that by the use of hydrogen a de- 





pendable method for producing steel relatively more susceptible to 





shatter cracks had become available. These experiments indicated 






that hydrogen incorporated into the steel was apparently a major 





factor in the development of the cracks formed during cooling. 





It is known that the solubility of hydrogen in solid steel de- 





creases with decreasing temperature, a circumstance which tends to 





torce the gas from the cooling metal. It was postulated that if a 
sufficient time at a suitable temperature were allowed for the major 










“ks, portion of the gas to diffuse from the steel the formation of shatter 
bon cracks would be prevented. The delay in cooling to atmospheric 
Cen temperature evidently prevents the gas and cooling stresses from 
Oc- exceeding the bursting strength of the metal when it is cooled 
yhy through the destructive shatter crack range, now regarded as being 
up- below 400 degrees Fahr.* Confining the study of methods of pre- 
| is venting shatter cracks to the theory postulated, three groups of tests 
ina. 


were made, as follows: 





*Tests made since this paper was written indicate that shatter cracks form between 
100 and 200 degrees Fahr. in shatter sensitive specimens cooled in air without shatter pre- 
ventive treatment. 
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Controlled or retarded cooling of the steel starting the re- 

tardation at different temperatures after the last hot rolling 

operation. 

Controlled or retarded cooling of the steel between differ- 

ent temperature ranges after the last hot rolling operation. 

3. Regular cooling of the steel to any given temperature be- 
tween the range of 500 and 1400 degrees Fahr. after the 
last hot rolling operation and then holding at such temper- 
ature for various periods of time, the steel being finally air 
cooled from the holding temperature. 

The first two methods are derivations of the controlled cooling 


practice now generally used for cooling many steel products to pre- 
vent internal defects. The third method is an entirely new process 
and for certain given holding temperatures from 500 degrees Fahr. 
up to the critical temperature of the steel eliminates shatter cracks 
in steel by a schedule which requires a much shorter period of time 


bo 


than the usual controlled cooling process. 

All of the tests described in this paper were made on rails 
since this was a convenient product. Rails rolled from ingots treated 
with hydrogen were employed, the elimination of shatter cracks in 
such definitely sensitive rails being a more difficult problem than in 
regular, untreated rails selected at random, which generally are not 
susceptible and accordingly often yield entirely negative results. 


MetTuHops oF TESTING 





A. Impregnation of the Steel with Hydrogen. Hydrogen was 
forced into the ingots as the steel was teemed into the ingot mold. 
A ¥Y-inch double X pipe was used to convey the gas to within 2 
inches of the bottom of the ingot mold where the gas was liberated 
and allowed to bubble through the steel. 30 to 50 pounds per square 
inch pressure was maintained on the hydrogen line and 15 to 20 
cubic feet of gas were fed into each ingot during the period in which 
it was teemed. The heavy pipe was used in order to prevent it from 
melting during the gas injection operation. 

After the ingots were impregnated with hydrogen they followed 
the routine channels through the strippers, soaking pits, and rail mill 
until the finishing end, where the rails received one of the treatments 
devised to prevent the formation of shatter cracks on cooling to at- 
mospheric temperature. Fig. 1 shows shatter cracks in typical hydro- 
gen-treated rails as regularly cooled in still air. Fig. 2 shows a rail 












slice cut from an untreated rail of an adjacent ingot of the same 
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Fig. 1—Hydrogen-Treated Hot Bed Cooled Rail Head Slices Etched in Hot HCl. 
Heat Number, Ingot Number, and Rail Letter are Shown on Each Slice. Rails Are 
Badly Shatter Cracked. Approximately % Actual Size. 
heat. It is interesting to note the comparative freedom from shat- 
ter in this piece as compared to the hydrogen-treated steel. The 
pieces shown in the figures are horizontal slices cut 7 inch below 
the running surface of the rail head as etched in hot HCl. 

B. Controlled or Retarded Cooling of Steel from Different 
Temperatures After the Last Hot Rolling Operation. Six rails, 2 
feet long, were obtained from hydrogen-treated steel at the hot 
saws. As these rails cooled in air, they were one by one placed in 
slow-cooling boxes, identical in construction, at different tempera- 
tures starting at 800 degrees Fahr. and every hundred degrees there- 
after down to 300 degrees Fahr. The rails were held in the boxes 
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50042 16.D. 


Fig. 2—Hot Bed Cooled Rail Head Slice Obtained from Untreated Steel. Rail from 
Same Heat as Hydrogen-Treated Rails Shown in Fig. 1. Slice Etched in Hot HC! 
Approximately % Actual Size. 


until a temperature of 200 degrees Fahr. was reached, after which 
they were removed, cut, and examined for shatter cracks. Fig. 3 
shows the cooling curves for the different rails while Fig. 4 shows 
the rail head etched slices. 


A tabulation of the results is shown in Table II. 
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to Prevent Shatter Cracks. 
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Fig. 4—Rail Head Slices Cut from Hydrogen-Treated Rails Controlled Cooled Be- 
tween Temperatures Indicated: 12-F-2, 700-200° F.; 12-F-4, 500-200° F.; 12-F-6, 300-200° 


00 F. Shatter Cracks Were Found Only in Rail 12-F-6. Slices Were Etched in Hot HCl. 
Approximately 34 Actual Size. 


cal analyses of all rail heats used in the test are contained in Table 
I. The results show controlled cooling of rails will prevent the 
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Table I 
Chemical Analyses of Heats Used in Tests 


Heat 


Number Cc Mn P S 

50042 0.78 0.77 0.024 0.027 
43398 0.72 0.89 0.075 0.026 
35390 0.72 0.84 0.027 0.025 
61093 0.78 0.88 0.015 0.023 
38505 0.77 0.93 0.018 0.026 
48470 0.74 0.85 0.024 0.024 
35390 0.72 0.84 0.027 0.025 
31358 0.78 0.76 0.029 0.028 

Table Il 


Treatment of Rails and Shatter Crack Tabulation 


Test B 


Number of 
Hours of 
Controlled 


Number of Shatter 
Cracks Found in 
6-Inch Horizontal 


Rail Number Treatment Cooling Rail Head Slice 
43398 12-F-6 Hot Bed Cooled 0 90 
43398 12-F-1 Controlled Cooled 8.25 0 
43398 12-F-2 Controlled Cooled 5.80 0 
43398 12-F-3 Controlled Cooled 5.17 0 
43398 12-F-4 Controlled Cooled 4.70 0 
43398 12-F-5 Controlled Cooled 4.28 0 
43398 12-F-6 Controlled Cooled 1.33 26 
Table Ill 


Treatment of Rails and Shatter Crack Tabulation 


Test C 


Number of Shatter 


formation of shatter cracks. The controlled cooling 
start as low as 400 degrees Fahr. with a cooling cycle 


depending on the shatter sensitivity. 


0 
0 
0 
0 
0 
0.20 
0.23 
0 


Temperature 
Degrees Fahr 
of Rail as 
Placed in Box 


800 
700 
625 
500 
400 
300 


Number of Cracks Found in Temperature Temperatur: 


Hours of 6 Inch Degrees Fahr. Degrees Fahr 
Controlled Horizontal of Railas Rail Removed 
Rail Number Treatment Cooling Rail Head Slice Placedin Box From Box 
35390 8-F-7 Hot Bed Cooled 128 
35390 8-F-1 Controlled Cooled 0.66 100 775 500 
35390 &-F-2 Controlled Cooled 1.00 R4 775 450 
35390 8-F-3 Controlled Cooled 1.41 78 775 400 
35390 &-F-4 Controlled Cooled 1.57 77 775 350 
35390 8-F-5 Controlled Cooled 2.00 62 725 300 
35390 8-F-6 Controlled Cooled 4.83 3 725 250 


process may 
of 4% hours 


between 400 and 200 degrees Fahr. without the occurrence of such 
defects even in the exceedingly sensitive, hydrogen-treated steel. 
The cooling cycle necessary to restrict the developme 
cracks may, in principle, vary to some degree with ez 
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C. Controlled or Retarded Cooling of Steel between Various 
Temperature Ranges Starting from a Given Temperature After the 
Last Hot Rolling Operation. Six rails, 2 feet long, hydrogen- 


treated, were placed in boxes for controlled cooling at approximately 
800 degrees Fahr. after cooling in air to this temperature from the 


last hot rolling operation. The rails were allowed to cool until they 


800 


128 Shatter Cracks Found in 
Hot Bed Cooled Rail Slice 


) 8-F-1 100 Shetter Cracks 
8-F-2 84 ~- 
2 ee 
lu 600 oe ‘x oa 
y 
S | 
© 500 1 
$ » Rails Rernoved from Boxes 
E 400 BE lhe ie 
" 7 3 Shatter Crecks in \ 
Rail Slice 
300 








O 60 120 180 240 3500 
Time, Minutes 


Fig. 5—Study of Rail Cooling Curves to Determine the Cooling Rate Necessary 
to Prevent Shatter Cracks. 


reached 500 degrees Fahr., at which temperature one rail was re- 
moved and allowed to cool to atmospheric temperature in still air. 
The same procedure was repeated at 450 degrees Fahr. and every 
90 degrees Fahr. thereafter to 250 degrees Fahr. Figs. 5 and 6 
show respectively the cooling curves and the etched slices. 

A tabulation of the results is shown in Table III. It is inter- 
esting to note that the shatter cracks materially decreased with 
increased temperature range and longer time of controlled cooling. 
With this rail heat a cooling cycle of 4.8 hours was not sufficient 
to entirely eliminate shatter cracks in the steel. The heat was a 
little more sensitive to shatter cracks than the heat used for tests 
under section B. 
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ot 6—Rail Head Slices Cut from Hydrogen Treated Rails Controlled Cooled Be 
tween Temperatures Indicated: 8-F-2, 775-450° F.; 8-F-4, 775-350° F.: &-F-6, 725-250° F 
Shatter Cracks Can Be Seen in All Slices. Slices Were Etched in Hot H7l. | Approxi- 

mately 4% Actual Size. 


D. Steels Air-Cooled to Any Temperature Within the Range i 
of 500 to 1400 degrees Fahr. After the Last Hot Rolling Operation : 
and Held for Various Periods of Time at This Temperature Followed 
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hy Cooling in Air. Seven to eleven rail specimens, for the series of 
constant-temperature periods, were obtained for each of the six hold- 
ing-test temperatures of 500, 600, 800, 1000, 1200, and 1400 degrees 


Fahr. Each group of specimens was taken from the same ingot and 
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Fig. 7—Holding Time and Temperature Necessary to Eliminate 
Shatter Sensitivity in 112-Pound Rails. 
as far as practical cut from adjacent rails at the hot saws. When 
the rails had cooled normally to the selected temperature after the 
last hot rolling operation they were charged into a furnace and 
held at this temperature. One rail was removed from the furnace 
after a given period of time and thereafter every 15 or 30 minutes, 
depending on the cycle used. This procedure was used to deter- 
mine the minimum time required at a given temperature to elimi- 
nate shatter sensitivity in the steel. After the rails were removed 
from the furnace they were allowed to cool in air. Slices were 
then cut from the rail heads and were etched for shatter cracks. 
From a study of Table IV it will be seen that 4% hours were nec- 
essary to eliminate shatter at 500 degrees Fahr. as compared to 1% 
hours at 1000 and 1200 degrees Fahr. It is interesting to note 
from Table IV that holding of rails at 1400 degrees Fahr., a tem- 
perature for this type steel, had no effect on shatter crack elimina- 
tion. These results indicate that holding of the steel at some tem- 
perature just under the critical temperature is the most effective, 
possibly because this temperature range is the optimum for allow- 
ing the gases to diffuse from the metal. Fig. 7 shows the results of 
the tests plotted in graphical form which gives a U-shaped curve. 
Rails of sensitive steel held at any given temperature between 500 
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Results of Tests for Shatter Cracks in Rails Held in Furnace at Temperatures from 
1400 to 500 degrees Fahr. for Various Lengths of Time and Then Air Cooled 








Temperature of Number of Approximate Number of 
Lab. Steel Charged and Hours Shatter Cracks in 6% 

Rail Number No. Held in Furnace in Furnace Inch Rail Head Sli 
61093 8-C-1 1400 Degrees Fahr. ] 61 
61093 8-C-2 1400 Degrees Fahr. 1% 58 
61093 8-C-3 1400 Degrees Fahr. 1% 62 
61093 8-C-4 1400 Degrees Fahr. 1% 59 
61093 8-D-5 1400 Degrees Fahr. 2 56 
61093 8-D-6 1400 Degrees Fahr. 2% 59 
61093 8-D-7 1400 Degrees Fahr. 3 65 
61093 8-D-8 Hot Bed Cooled Rail Numerous 
61093 6-C-1 1200 Degrees Fahr. l 33 
61093 6-C-2 1200 Degrees Fahr. 1% 11 
61093 6-C-3 1200 Degrees Fahr. 1% 0 
61093 6-C-4 1200 Degrees Fahr. 1% 0 
61093 6-D-5 1200 Degrees Fahr. 2 0 
61093 6-D-6 1200 Degrees Fahr. 2u% 0 
61093 6-D-7 1200 Degrees Fahr. 3 0 
61093 6-D-8 Hot Bed Cooled Rail Numerous 
38505 12-C l 1000 Degrees Fahr. VY 8 
38505 12-C 2 1000 Degrees Fahr. % 1 
38505 12-C 3 1000 Degrees Fahr. 1 1 
38505 12-C 4 1000 Degrees Fahr. 1% 1 
38505 12-B 5 1000 Degrees Fahr. 1% 0 
38505 12-B 6 1000 Degrees Fahr. 1% 0 
38505 12-B 7 1000 Degrees Fahr. 2 0 
38505 12-B 8 1000 Degrees Fahr. 2% 0 
38505 12-B 9 1000 Degrees Fahr. 2% 0 
38505 12-B Hot Bed Cooled Rail Numerous 
38505 12-D Hot Bed Cooled Rail Numerous 
48470 14-B 800 Degrees Fahr. Vy, 62 
48470 14-B 800 Degrees Fahr. l 16 
48470 14-B 800 Degrees Fahr. 1% 5 
48470 14-B 800 Degrees Fahr. 2 0 
48470 14-B 800 Degrees Fahr. 2u% 0 
48470 14-B 800 Degrees Fahr. 3 0 
48470 14-D 800 Degrees Fahr. 3% 0 
48470 14-D 800 Degrees Fahr. sy 0 
48470 14-D 800 Degrees Fahr. 4 0 
48470 14-D 800 Degrees Fahr. 4% 0 
$8470 14-D 800 Degrees Fahr. 5 0 
48470 14-D Hot Bed Cooled Rail Numerous 
35390 8-E 1 600 Degrees Fahr. VY 77 
35390 8-E 2 600 Degrees Fahr. l 31 
35390 8-E 3 600 Degrees Fahr. 1% 35 
35390 8-E 4 600 Degrees Fahr. 2 25 
35390 8-E 5 600 Degrees Fahr. 2% 18 
35390 8-E 6 600 Degrees Fahr. 3 I 
35390 8-E 7 600 Degrees Fahr. 3% 0 
35390 8-E 8 600 Degrees Fahr. 4 0 
35390 8-E 9 600 Degrees Fahr. 4! 0 
35390 8-E 10 600 Degrees Fahr. 5 0 
35390 8-A Hot Bed Cooled Rail Numerous 
35390 &-C Hot Bed Cooled Rail Numerous 
31358 &-D 1-D 500 Degrees Fahr. , 57 
31358 8-D 2-D 500 Degrees Fahr. I 51 
31358 &-D 3-D 500 Degrees Fahr. 1} 63 
31358 &-D 4-D 500 Degrees Fahr. 2 31 
31358 8-D 5-D 500 Degrees Fahr. 2% 11 
31358 8-F 6-D 500 Degrees Fahr. 3 8 
31358 &8-F 7-D 500 Degrees Fahr. 3% 2 
31358 &-B &-D 500 Degrees Fahr. 4 1 
31358 &-B 9-D 500 Degrees Fahr. 4, 0 
31358 &-B 10-D 500 Degrees Fahr. 5 0 
31358 &-D 17-D Hot Bed Cooled Rail Numerous 
31358 &-F 18-D Hot Bed Cooled Rail Numerous 


degrees Fahr. and the critical temperature for a period of time cor- 
responding to a point on the left side of the curve and then cooled 
in air to atmospheric temperature might still have some tendency to 
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develop shatter. If the holding time and temperature cycle cor- 
responded to a point on the right side of the curve no shatter cracks 
would be developed in the rail when cooled in air to atmospheric 
temperature. 


SUMMARY OF RESULTS 


The three groups of tests have shown that time as well as a defi- 
nite temperature range, approximately 400 degrees Fahr. on the low 
side and the critical temperature on the high side, are essential fac- 
tors in the prevention of shatter cracks in shatter sensitive steel. 
As all of the tests reported in this paper were made on one rail 
section the question of mass did not enter the picture. The approxt- 
mate size of the rail head from which the test slices were cut was 
2% x 1% inches. From other tests made on 6 and 18-inch diam- 
eter rounds it was verified that mass affects the time cycle to a 
considerable extent. 

The three factors, time-temperature-mass, that must be given 
consideration to prevent shatter formation, seem to be compatible 
with and lend support tothe gas diffusion theory advanced by 
Cramer’, Bennek* and others. The hypothesis is that during the 
steel-making process, hydrogen is absorbed by the steel. That such 
gas is in the steel has been shown by Hare*, Chipman*, Motok® and 
others. Recent tests also made by the authors have shown that 
hydrogen is given off of rail steel as it solidifies. After the steel 
is teemed and is cooling the hydrogen that was absorbed starts to 
diffuse due to the lowering of the solubility with decreasing tem- 
perature. The effusion is maintained at various rates until a tem- 
perature of approximately 400 degrees Fahr. is reached. At this 
point a change in the effusion rate occurs, as shown by Ham®, which 
is thought to cause destructive stresses to be developed if sufficient 
hydrogen is present. While shatter crack formation is not well 
understood the above theory appears to have some foundation. 


_ IR. E. Cramer, “The Production of Flakes in Steel by Heating in Hydrogen,” 
PRANSACTIONS, American Society for Metals, Vol. 25, Sept., 1937. 

2H. Bennek, H. Schenck, and H. Muller, “The cause of the Occurrence of Flakes in 
Steel,” Stahl und Eisen, Vol. 55, 1935, p. 321. 

3W. Hare, L. Peterson, and G. Soler, ““An Improved Method for Determining Gas 
Content of Molten Steel,”” Transactions, American Society for Metals, Vol. 25, Sept., 1937. 

‘J. Chipman and A. M. Samarin, “Effect of Temperature upon Interaction of Gases 
with Liquid Steel,’’ Metals Technology, January, 1937. 

5G. T. Motok, ““A New Tool for the Control of Quality Steel Making,’’ TRANSACTIONS, 
American Society for Metals, Vol. 25, June, 1937. 

*W. R. Ham, “The Diffusion of Hydrogen Through Nickel and Iron,” Transactions, 
American Society for Metals, Vol. 25, 1937. 
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CoNCLUSIONS 


Shatter cracks tend to form below 400 degrees Fahr.* in shatter 
sensitive steel cooled in air from hot rolling temperatures. 

Shatter cracks or flakes can be prevented by controlled cooling 
of the steel after the last hot rolling operation from any tempera 
ture above 400 degrees Fahr. with the proper time cycle. In the 
case of 112-pound rails, the steel of which was hydrogen-treated, 
4% hours were required in cooling between 400 and 200 degrees 
Fahr. for a minimum time and temperature to prevent shatter. 

After rolling, cooling of steel at a retarded rate over a given 
temperature range above 400 degrees Fahr. followed by cooling in 
air will prevent shatter if the length of time of retarded cooling is 
sufficient. 

Steels held at any temperature after the last hot rolling opera 
tion within the range of 500 degrees Fahr. and the critical tempera 
ture for a sufficient period of time, depending in part on the mass, 
will not develop shatter cracks on cooling in still or circulated air 
after removing from the furnace or holding box. For rail steel, 
holding temperatures around 1000-1200 degrees Fahr. seem to be 
the most effective in preventing shatter cracking in the steel, al 
though the temperature at which shatter cracks form is below 400 
degrees Fahr. 

Holding of the just-rolled and still untransformed steel above 
the critical temperature was not effective in preventing shatter 
cracks from forming in the metal when subsequently cooled in air 
to atmospheric temperature. 
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*Tests made by the authors after this paper was written indicate that rails can be air 
cooled as low as 200 degrees Fahr., reheated and controlled cooled or subjected to the 
time-temperature holding process without the formation of shatter cracks. 
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MAGNETICALLY SOFT MATERIALS 
By T. D. YENSEN 


Abstract 


Several sometimes conflicting characteristics are re- 
quired in magnetically soft materials, the relative im- 
portance of which depends upon the application. It is for 
this reason that a number of different magnetic alloys 
ranging from pure tron through the silicon irons to the 
high nickel-iron alloys have been developed, each of which 
has characteristics which render it particularly suitable 
for a specific group of applications. 

The characteristics of importance are: 

(1) Hysteresis loss on passing through a magnetic 
cycle and arising from internal magnetic “friction”. This 
should be low 

(2) Eddy current loss—due to electric currents in- 
duced in the material by changes in flux. This should be 
loz 

(3) Magnetic permeabiltty—should be high and 
sometimes must be high or constant at low field strengths. 

(4) Saturation value should be as high as other 
considerations permit. 

(5) In special applications a de finite change in 
permeability with temperature is required. 

(6) The cost, availability and ease of processing are 
important. 


EFFECT OF IMPURITIES 


S the ferromagnetic properties are a function of the regularity 
A of the space lattice, it follows that anything that affects this 
regularity will also affect the magnetic properties. Impurities like 
carbon, sulphur, nitrogen and oxygen are particularly harmful, be- 
cause when in solution they occupy interstitial spaces in the crystal 
lattice and small amounts therefore produce large effects (1)* (p. 70). 
Furthermore, as the solubility is low at room temperature, the excess 
amount is slowly precipitated in the form of small particles inside the 
grains with even greater disturbing effect, usually referred to as 

1The figures appearing in parentheses refer to the bibliography appended to this paper. 


The author, T. D. Yensen, is manager, Magnetic Division, Westinghouse 
Electric and Manufacturing Co., E. Pittsburgh, Pa. Manuscript received Feb- 
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1939 
“aging” (1) (p. 90). Carbon especially should be kept low in iron 
and iron-silicon alloys in order to obtain low hysteresis loss and high 
maximum permeability. The amount should not be over 0.01 per 
cent and preferably less than 0.005 per cent, Fig. 1. Sulphur and 
oxygen should likewise be held down to similar values. 
EFFECT OF GRAIN SIZE 
Because of the disturbances at the grain boundaries, the fewer 
the grain boundaries the better are the magnetic properties, which is 
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Fig. 1—-Effect of Carbon on the Magnetic Properties of 
Iron-Silicon Alloys. 
another way of saying that the grain size should be as large as pos- 
sible with the single crystal as the limit, Fig. 2.* However, when 
used on alternating current the eddy loss increases with grain size, 
so that a compromise should be reached. A grain size of 1 square , 
millimeter seems to be the optimum size in silicon-iron. . 


EFFECT OF GRAIN ORIENTATION | 


Almost all ferromagnetic materials are magnetically anisotropic, 
i.e., they have different magnetic properties in the different crystal- 





*Ref. 1, p. 87. See also Richer: The Iron and Steel Institute, No. II for 1937, p. 323. 
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hen 
lographic orientations. This is shown in Fig. 3 for iron (2) and in 
sits Fig. 4 for an iron-silicon alloy with 3.85 per cent silicon (3). In 
both of these cases the direction parallel to a cube edge [100] is the 
one having the highest permeability. In other cases this is not so, 
for example in nickel the situation is just the reverse: the direction 
a4 of easy magnetization is that of the body diagonal [111]. But in all 
al- 


cases we shall have to take the crystal orientation into account in 
controlling the magnetic properties of ferromagnetic materials. 
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Errect oF ALLOYING ELEMENTS 


While pure iron may in many respects be regarded as the idea! 
ferromagnetic material, it has certain drawbacks that make it un- 
suitable for practical use especially in alternating current circuit 
the resistivity is low, necessitating rolling the iron very thin to keep 
eddy currents down, and when this is done, the magnetic properties 
are poor. One of the main objects of alloying elements is therefore 
to raise the electrical resistivity of iron so as to enable us to use it 
to advantage in alternating current circuits (which means perhaps 
75 per cent of all applications of magnetic materials in industry). 
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Fig. 4—The Observed and Calculated Magnetization Curves for the 
(100), (110) and (111) Directions of Single Crystals of 3.85 Per Cent 
Silicon Iron. 


Fig. 5 shows how the various elements affect the resistivity of iron. 
Outside of carbon in solution, silicon and aluminum increase the 
resistivity more than any other element. 

These two elements also have another important effect: they 
eliminate the allotropic transformations in iron, so that the alloys can 
be annealed at high temperatures without recrystallization on cooling, 
thus enabling us to obtain large grains. Both these elements are 
substitution elements and for this reason can be added to iron in 
fairly large quantities without affecting seriously the magnetic prop- 
erties, although they do reduce the saturation value. However, more 
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than 4.5 per cent silicon or 8 per cent aluminum makes iron too brittle 
for most commercial use. 


il 


Another reason for keeping the alloying elements down to low 
values is that outside of cobalt all elements lower the saturation 
value of iron, Fig. 6. The chief difficulty in connection with silicon 
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Fig. Sa—Effect of Elements on the Electrical Re 
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Fig. Sb Ktfect of Elements on the Electrical Resistance of Iron 


and aluminum is that they form very stable oxides, so that 1f the 
iron is not thoroughly deoxidized before adding the alloying ele- 
ments, oxide inclusions are formed that cannot again be eliminated 
and have very deleterious effects on the magnetic properties. Alumi- 
num is particularly bad in this respect. 
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Unsuspected and valuable magnetic properties are obtained by 
combining iron with nickel or with nickel and cobalt and by adding 
to these combinations other elements like copper, molybdenum, or 
chromium, as will be seen in a later paragraph. 

Finally ferromagnetic alloys can be obtained by combining in 
certain ways several nonferromagnetic elements, as for example 
Heusler alloys, containing aluminum, manganese and copper. How- 
ever, as these are not of commercial importance, they will not be 
considered in this paper. 


MAGNETIC MATERIALS 


lron—Several years ago (1928) the question was asked, ‘What 
are the magnetic properties of iron?” At that time data indicated a 
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Fig. 6—Effect of Elements on the Saturation 
Values of Iron. 


maximum permeability approaching infinity and a hysteresis loss ap- 
proaching zero. Since that time the actual values obtained have con- 
firmed this extrapolation. By careful preparation of a single crystal 
of iron Cioffi has obtained a maximum permeability of 1,430,000 (4) 
and Mr. Ziegler and the author have prepared ring samples of iron 
having a hysteresis loss of 70 ergs per cubic centimeter per cycle for 
B = 10,000 (5). 

For experimental uses iron can now be obtained with a purity of 
99.95 per cent or even better, having magnetic properties as shown 
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in Fig. 7: maximum permeability of about 100,000 and a hysteresis 
loss for B = 10,000 of about 100 ergs per cubic centimeter per cycle. 
The latest saturation value of iron comes from the Physikalisch- 
Technische Reichsanstalt (6) and is given as 
47 lo 21580 + 10 gauss 


based on a density of 7.878. 
These values agree well with those given by Cleaves and Thomp- 
son (7). The electrical resistivity given by Cleaves and Thompson 
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Fig. 7—Hysteresis Loops and B-H Curves for Nearly 
Pure Iron. 


as the most reliable value is 9.8 microhms per cubic centimeter at 20 
degrees Cent. with a temperature coefficient of 0.0065 per degree 
Cent. 

Iron-Silicon Alloys—As already stated, pure iron may in many 
respects be regarded as the ideal magnetic material, but it is easier to 
obtain good magnetic properties in iron by the use of a small amount 
of silicon than without it as discovered by Hadfield (8) and shortly 
afterwards made use of by Gumlich (8). Brittleness imparted by 
the silicon limits the amount in practice to about 4.5 per cent, although 
6 per cent may be used for special purposes. 

The commercial grades of silicon iron in common use are made 
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in basic open-hearth or electrical furnaces, and contain from 0.5 to 
4.5 per cent silicon. Sheets are usually hot-rolled from 3-inch sheet 
bars to gages from No. 20 (0.0375 inch) to No. 30 (0.0125 inch), 
The finished hot-rolled sheets, which may be up to 48 inches wide 
and of lengths usually in multiples of the widths but not much over 
120 inches long, are pickled to remove scale and then given a small 
amount of cold rolling to insure satisfactory flatness. They are then 
annealed in stacks at a high temperature, either in electrically or gas 
heated furnaces and slowly cooled, after which a certain representa- 
tive portion (about 0.1 per cent) of the sheets from each anneal are 
sheared into Epstein strips 3 x 50 centimieters and tested for losses 
and permeability. The lots are then graded on the basis of these 
results. Table I shows the properties of the various grades used in 
the U.S.A. tested in accordance with A.S.T.M. Specification A-34. 

These properties are for standard Epstein samples cut 50 per 
cent with and 50 per cent across the rolling direction of annealed 
sheets and without reannealing to remove shearing strains. If used 
altogether in the rolling direction the above losses may be 10 per cent 
lower, and if the sheared punchings are reannealed the losses may be 
lowered by 10 per cent, so that 0.014-inch Transformer III grade, 
tested in the rolling direction after reannealing, should have a loss 
for B = 10,000 of 0.48 watts per pound or less. 

The impurities in the above high grade materials after annealing 
may be as follows: 






Carbon less than 0.03 Per Cent 
Sulphur less than 0.02 Per Cent 

Phosphorus less than 0.02 Per Cent 
Manganese less than 0.10 Per Cent 





Of these impurities carbon is the most injurious (Fig. 1), and efforts 
have constantly been made to lower the carbon content, as well as the 
sulphur content. 

The other important factor is grain structure. While grain size 
in silicon iron is highly important, as far as losses and low density 
permeability are concerned, the lattice orientation is more important 
with regard to high density permeability. Iron-silicon alloys are more 
easily magnetized in the direction of the cube edge, [100!, than in 
any other direction, as shown in Fig. 4, and methods have been de- 
veloped during the past five years to roll and heat treat iron-silicon 
alloys so as to obtain most of the grains with a cube edge parallel 
to the rolling direction (9). By this means a flux density for H = 10 
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of the order of 20 per cent higher than for hot-rolled sheet is ob- 
tainable. 

By a combination of the above rolling process with a refining 
annealing process, it is possible to obtain improved magnetic proper- 
ties when the material is magnetized in the direction of rolling. Al- 
though the hysteresis loss in the direction of rolling may be greatly 
reduced, the total core loss is not so much affected because of the 
relatively high eddy current losses in laminii of commercial thick- 
ness ( 10). 

High grade transformer sheet does not age as-received from the 
makers (See Table I), i.e., the losses do not increase with time at 
operating temperatures. But this does not mean that silicon iron is 
inherently nonaging. Unless the steel manufacturer follows the 
proper melting and heat treating practice, silicon iron may age con- 
siderably under operating conditions. 

Fe-Al and Fe-Al-Si Alloys—While aluminum is known to have 
about the same effect on iron as silicon, both as to electrical resistivity 
and magnetic properties (11), aluminum has never become a serious 
competitor on account of the difficulties in connection with the man- 
ufacturing processes. However, ternary alloys of iron, silicon and 
aluminum have recently been investigated by Masumoto (12), who 
discovered a combination having very interesting properties. This 
alloy, containing 8-11 per cent silicon and 5-6.5 per cent aluminum, 
is called “sendust” and is reported to have an initial permeability up 
to 35,000, a maximum permeability up to 162,000 and a hysteresis 
loss down to 28 ergs for B = 5,000. With such high silicon 
and aluminum contents the saturation value is necessarily low 
(4 w Isat = 11,000) and the alloys must be very brittle. 

Sendust has been suggested for loading coils, but it would have 
to meet severe hysteresis and permeability requirements in com- 
pressed core form to offer advantages over the powdered permalloy 
now used in the U. S. A. 

lron-Nickel Alloys*—The latent possibilities of these alloys in 
the way of high permeabilities for low flux densities were indicated 
as early as 1910 (13). On the basis of these results development 
work was started to utilize these possibilities commercially. _In 1915 
a patent application was filed by the Westinghouse Electric and 
Manufacturing Company on the use of nickel alloys in current 


2In the preparation of this section liberal use has been made of Data Sheet No 
“Tron Nickel Alloys for Magnetic Purposes’’ prepared by Mr. J. W. Sands, of The Interna 
tional Nickel Co., Inc., for their Iron Nickel Data Book (1938). 
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transformers (14), in which a high permeability at low flux densi- 
ties and low losses are most important. Then followed a systematic 
investigation of the iron-nickel alloys at the Westinghouse Research 
Laboratories, the results (15), in general, confirming those of the 
earlier investigations. The average effect of nickel on the per- 
meability of these alloys after the ordinary heat treatment (anneal- 
ing and slow cooling) is shown in Fig. 8, showing no particular 
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Fig. 8—Magnetic Properties of Iron-Nickel Alloys. 
Electrolytic Iron and Nickel, Melted and Annealed in 
Vacuum 


advantage over the best grades of iron and iron-silicon alloys, al- 
though individual alloys were obtained in the region of 50 per cent 
nickel that had unusually good magnetic properties. This led to an 
intensive study of the 50 per cent alloy as the most promising com- 
position for applications in the power and radio fields. (See later 
under Hipernik). At the same time the Bell Telephone Labora- 
tories had been working on improved alloys for use in connection 
with telephone cables, for which purpose the alloys in the region of 
70-80 per cent nickel appeared to be the most promising. (See be- 
low under Permalloy). By 1923 and 1924 the developments were 
sufficiently advanced to justify the publication of the preliminary 
results (16), (17), which in turn have led to the placing on the 
market of a large number of iron-nickel alloys by various manufac- 
turers, both here and abroad. While these alloys are basically iron- 
nickel alloys, appreciable percentages of other elements are added in 
many cases to develop or accentuate some particular characteristic 
which is desirable for the application in view. 
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Table Il 
Commercial Magnetic Iron-Nickel Base Alloys 













Name Per Cent Nickel Sponsor 
Alloys with Very High Permeability at Low Field Strengths 
PN 2 vce ce eke wd 60-90 + special heat treatment 
and sometimes + Cr or Mo... Western Electric Co. 
Mumetal .............. Approx. 76 + 6% Cu and 1.5% 
Eel ss vandh ba cates dh ve vowes Telcon* and Allegheny 
Ludlum Steel Co. 
SE ee ee I I a a og Why Acieries de Firminy 
3060 Filey <..icccvccice Ja > 16%. Cu and SH Moe... .ics Siemens & Halske 





High Permeability Alloys for Higher Field Strengths 















Ce eee LG nce Oe -cuthn«e Rus coed <tesen ben wee Western Electric Co. 
Megaperm 6510 ........ Ee wos S23 eee ee Germany 

ES ies vee ee a oe Pl tn cad seas a kw edee aks cane eae Westinghouse E. & M. ( 
Se ae Peake ish eee des uSeacteuss Krupp 

ER as 6 wien ere wi og . nian oo cane a al eek % ahaa General Electric Co. 
ae ey iiiahadows ts cake eidnus c+ vate ee Crucible Steel Co. 
PURONGUGR. .ciaseneceas ARE er Oe rere Heraeus- Vacuumschmelze 
nt err Cn Cairne tb wla uibekic awe Allegheny-Ludlum Steel Co 
Anhyster C and D...... ULL Cs kasi lade so citae s oae ae. oles Acieries d’Imphy 
Radiometal ....... bc daa? SEU co Gl die ava ah ara 9 Oe sw ois Oe oe Telcon* 

2129 5-5 ' 









Moderately High Permeability Alloys of High Electrical Resistance 
UNE  céseh ow se dee ea 40-45 + 5% Cr and 3% Si .... Telcon* 


SY . nae + Wien < ov ena SE BO Siok deers sé 0} ia ae Acieries d’Imphy 
Anhyster A and B...... SP ee ae Acieries d’Imphy 















Alloys with Constant Permeability Over a Range of Flux Densities 
Perminvar .. 20-75 + 5-40% Co + special heat 
treatment and sometimes + Mo. Western Electric Co 







TT EP 50 + special heat treatment.... Westinghouse E. & M. C 
SE orn wien a's 6 < - 40-55 -+- special treatment...... Germany 
Isoperm (precipitation DO 60 Deke GO wece cwvctenn Germany 

SUED i6iee bode euewed Se se ee MEE ote cde ceive Germany 








Alloys with Permeability Varying with Temperature 
Temperature Compensator 



















PE wtass cee AA ae as Oe Gales 1b4o via eeee ..+.+..+ Carpenter Steel Co. 
RRRSUNOREEOR. 2. kb0c cdo. IP Slack. aecniabalh a oilain a athe enone Krupp 
ee ee 2c eteka tan Pe vicceerecumetee x bbwaek so euh Acieries d’Imphy 








*Telegraph Construction & Maintenance Co., Ltd., London, England. 





The trade names, approximate composition and applications of 
the most important iron-nickel alloys are summarized in Table II. 
Permalloy—About 20 years ago research at Bell Telephone 
Laboratories turned to the behavior of iron-nickel alloys at the very 
low flux densities encountered in telephone apparatus and focused 
attention on their initial permeabilities. It was found that all an- 
nealed alloys containing between 30 and 90 per cent nickel have 
initial permeabilities higher than that of Armco iron. Alloys con- 
taining more than 50 per cent nickel were found to be sensitive to 
heat treatment as shown in Fig. 9, the particular heat treatment 
that resulted in improved initial (and also maximum) permeability 
consisting in air quenching thin strips on a copper block from the 
magnetic transformation point. The most startling results were ob 
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tained for alloys in the neighborhood of 80 per cent nickel (the best 
composition being 78.5 per cent), and the name “Permalloy” was 
civen to the alloys in this range (16). 

Maximum permeabilities of 100,000 are readily obtained with 
this alloy (see Fig. 10) but the saturation value is low (11,000) 
and its electrical resistivity is only about double that of iron. How- 
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Fig. 9—Initial Permeabilities 
for the Fe-Ni Series. 
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Fig. 10—Permeability Curves for Various 
Magnetic Alloys. 
ever, it was later found that this can be remedied by the addition 
of chromium or molybdenum, which at the same time eliminates 
the necessity for air quenching and increases the initial perme- 
ability to over 20,000, but at a further sacrifice of saturation value 
18). The Bell Telephone Laboratories gradually applied the name 
Permalloy to all iron-nickel alloys above 30 per cent nickel, the 
designation being by per cent composition. Thus, “3.8-78.5 Cr 
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Permalloy” is an alloy of 3.8 per cent chromium + 78.5 per 
nickel. Table III, from a paper by Elmen (19) gives the principa 
characteristics of the most important Permalloys, together wit! 
Armco iron, 4 per cent silicon iron and some Perminvars, which 
will be discussed in a later paragraph. 

The high initial permeability and low hysteresis loss of the 7% 


cst 


per cent Permalloys make them very successful as material for con- 
tinuous loading of submarine cables (20) for the purpose of speed 
ing up the transmission of signals through telegraph cables, and 
making it possible to use submarine cables for the transmission of 
speech. The method of loading consists in winding a 0.005-inch 
thick tape spirally onto the insulated single conductor, annealing it 
after it has been put on, and then completing the cable with the 
outer protecting layers. 


Table Ill! 
Magnetic Properties of Various Permalloys and Perminvars 

















Hysteresis Residual Resis 

Initial Maximum Loss,ergs Induc- Coercive Saturation tivity, 

Perme Perme- per cc per tion, Force, Value. microhm 
Material (1) ability ability cycle (2) gausses oersteds gausses (3) cm 
Armco Iron 250 7,000 5,000 13,000 1.0 22.000 11 
4% Silicon-Iron 600 6.000 3.500 12.000 0.5 20.000 sn 
78.5 Permalloy, quenched 10,000 105,000 200 6.090 0.05 10.700 16 
45 Permalloy 2,700 23,000 1,200 8.000 0.3 16.000 4 
3.8-78.5 Cr-Permalloy 12,000 62,000 200 4,500 0.05 8 000 65 
3.8-78.5 Mo-Permalloy 20,000 75,000 200 5,000 0.05 8,500 ; 
45-25 Perminvar, baked 400 2,000 2.500 3,000 * 15.500 19 
7-45-25 Mo-Perminvar, 

baked 550 3.700 2.600 4.300 0.65 10.300 gO 

70-7.5 Perminvar, annealed 750 3,500 cut ae 0.8 12.000 ] 


(1) Single numbers preceding the word “‘Permalloy”’ signify the nickel content, and doubl 
numbers signify first the content of chromium or molybdenum, and second the nickel 
content, the balance being iron in each case. The two large numbers before ‘“‘Perminvar’ 
indicate the nickel and cobalt contents, respectively, and the small initial numb 
indicates the molybdenum content. 













(2) For saturation value of the flux density. 





(3) Saturation value of the intrinsic induction 





An even larger application of permalloy is in the loading coils 
for land telephone cables. At intervals of about a mile the cable, 
containing as many as 1200 pairs of conductors, enters an iron box 
in which each pair of conductors is connected in series with a load 
ing coil. In order to use up as little energy as possible in eddy 
currents and also to get a linear relationship between the current 
and the flux, permalloy for loading coils is generally used in the 
form of a powder, which is first insulated, then compressed into 
doughnut shaped cores and finally annealed (21). 
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Fig. 11—B-H Curves for Hipernik and High Silicon-Iron. 
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Fig. 12—Hysteresis Loops for Hipernik and High Silicon Iron. 


In addition to the above applications the high nickel content 
Ss 

permalloys are valuable whenever high initial permeabilities and low 

losses are of importance, such as for telephone relays, telephone 
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instruments, radio transformers, etc., but due to their high cost, the 
lower nickel content alloys (such as hipernik or 45 permalloy) are 
usually preferred. 

Hipernik—As ordinarily made, the alloys in the region of 50 
per cent nickel exhibit nothing remarkable (See Fig. 8) except that 
their saturation values are the highest of all Fe-Ni alloys above 30 
per cent nickel. By ordinary pot annealing in electric furnaces, a 
maximum permeability of 20-25,000 can be obtained with an initia] 
permeability of 2700, if pure material is used. Such an alloy is “45 
permalloy” listed in Table III, the permeability curve of which is 
shown in Fig. 10. 





In the early 1920's it was discovered at the Westinghouse Re- 
search Laboratories that the magnetic properties of these alloys can 
be vastly improved by annealing them in dry hydrogen at a tem- 
perature of 1000 to 1200 degrees Cent. (1830 to 2190 degrees 
Fahr.) for several hours (22). This treatment eliminates carbon, 
sulphur and other impurities, but particularly oxygen. In its im- 
proved form this alloy has been given the name “hipernik” (from 
high permeability nickel). The nickel content is not particularly 
critical, it may be varied from 40 to 60 per cent, but for highest 
saturation value it should be kept close to 50 per cent. 

Hipernik possesses a much higher permeability and smaller 
hysteresis loop than ordinary 4 per cent silicon-iron (see Figs. 10, 
ll and 12). Although saturating at slightly above 16,000, the per- 
meability of hipernik is higher than that of ordinary silicon-iron 
even at B = 15,000. As commercially made today in ton lots of 
0.014- and 0.005-inch thicknesses, the maximum permeability of 
hipernik is about 100,000, but higher values are frequently en- 
countered. 

The use of hipernik in place of ordinary 4 per cent silicon iron 
for transformer cores would result in a reduction of energy losses 
to about one-half. However, because of its high cost, its use is lim- 
ited to special transformers, such as current transformers, in which, 
because of its high permeability and low loss, the ratio er:ors and 
phase angle deviations are reduced to negligible quantities. Cold- 
rolled in the form of continuous ribbon, hipernik is particularly 
suitable for bushing type of current transformers, as in this way 
there is no waste of material. 

While hipernik cannot compete with the high nickel alloys for 
applications requiring the highest initial permeability, it is prefer- 
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able for most other uses, because of its higher saturation value, 
(Fig. 8), high electrical resistivity and lower cost. 

In Table IV are listed the magnetic properties of hipernik in 
comparison with values for Wemco Research Iron, ordinary 4 per 
cent silicon iron, 45 permalloy and Allegheny electric metal. 


Table IV 
Magnetic Properties of Hipernik, Allegheny Electric Metal and 45 Permalloy 
(In accordance with information obtained from the manufacturers.) 


Hysteresis Resis- 
Maxi- Loss,ergs Residual Coercive Satura- tivity Form 
[nitial mum per cc per Induction, Force, tion Mi- of Speci 
Perme- Perme- cycle gausses oersteds Value, crohm- Sam fic 
Material ability ability (1) (1) (1) gausses cm ple Gravity 
Wemco 
Iron Solid 
(99.95% Fe) a Gs 100,000 150 9.000 0.05 21.600 10 ring 7.9 
4-4.5% 
Silicon 0.014” 
Iron 500 12,000 800 6,000 0.3 19,500 55 sheet 7. 
Hipernik 4,500 100,000 100 8,000 0.03 16,000 45 0.014” Q 3 
sheet 
Permalloy 2.700 23,000 1,200 8.000@ 0.3@ 16,U00 15 
Allegheny 
Electric 
Metal 5,000 32.500 718 5,500 0.1 16,000 45 ae 8.3 
(1) For B = 10,000 except as noted. 
(2) For B = 16,000. 
Table V 
Magnetic Properties of Some Foreign Magnetic Alloys 
Hysteresis 
Loss,ergs Coercive Satura- Resis 
Initial Maximum per cc Force, tion tivity, 

(1) Perme- Perme per cycle oersteds value, microhm- Specific 
Material ability ability (B = 5,000) (B = 5,000) gausses cm gravity 
Mumetal 10—30,000 60—100,.000 40—60 0.03 6—9 000 42 8.6 
Radiometal 2,000 10— 15,000 350 0.4—0.5 15,600 55 8.3 
Anhyster B 1,300 eee ‘ 3 9,000 70 
Anhyster C 1,500 sa aia be ie 13,000 59 
Anhyster D 2,200 25,000 331 vied 15,000 46 
1040 Alloy Up to 50,000 100,000 50 ie aa 6,000 56 
Permenorm 4801 (2) 2,700 19,000 ‘ 0.20 14,000 58 
Megaperm 6510 4,800 26,000 , 0.08 8,500 58 
Rhometal 850 5,000 420 hied 4,500 


(1) See Table II for chemical compositions. 
(2) Constant permeability of over 2,000 for H < 0.06. 


Miscellaneous-—Numerous modifications have been made in 
these alloys by the addition of other elements and by variation in the 
heat treatments. They are made by various companies here and 
abroad, the most important of which are listed in Table V.° 


8Prepared by Mr. J. W. Sands from data obtained from Acieries d’Imphy, Telegraph 
Construction and Maintenance Company, and the present author. 
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3y cooling some of these alloys in a magnetic field through the 
magnetic transformation point, great improvements have been ob- 
tained at the Bell Laboratories (23). Particularly good results were 
obtained with 65 per cent nickel and with 45 per cent nickel, 30 
per cent iron, 25 per cent cobalt (perminvar composition). A max- 
imum permeability of over 600,000 was reported for the 65 per cent 
nickel alloy. The cause of the improvement is explained on the 
basis of elimination of strains due to magnetostriction. 

In Fig. 13 have been plotted for comparison B-H curves for 
iron, 26 per cent nickel, hipernik, permalloy and nickel. 


8 


; i 
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Fig. 15—High Saturation Value Materials. 


Materials with High Magnetic Saturation Value—Iron has a 
saturation value of 21,600 (4 7 I1,) (24). In order to exceed this 
value it is necessary, as far as our present knowledge goes, to alloy 
iron with cobalt in amounts between O and 65 per cent. The high- 
est value is obtained by using 34.5 per cent cobalt. This was dis- 
covered by P. Weiss (25) in 1912, who obtained a 10 per cent in- 
crease in saturation value, and it was confirmed in 1915 by the 
author (26), who got a 13 per cent increase. The entire series of 
Fe-Co-Ni alloys has since been thoroughly investigated by Elmen 
(27) Fig. 14, and F. Stablein (28) has collected curves for a num- 
ber of iron alloys, as shown, slightly modified, in Fig. 6. The value 
24,200 may thus be regarded as well established for 34.5 per cent 
cobalt-iron, corresponding to Fe,Co. In Fig. 15 have been plotted 
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B-H curves for a number of materials that are useful where hich 
flux densities are desired. 

Curve No. 15 in Fig. 15 is for a 50 per cent cobalt alloy ac- 
cording to Elmen (29). The addition of a small amount of vana- 
dium makes this alloy easy to forge and roll (30), and because of 
its better magnetic properties below H = 200, it is preferable to 
the 34.5 per cent alloy where cost is of no importance. The name 
‘“permendur” has been applied to this alloy. 









100 90 8 20 60 50 40 
Fe 


Fig. 16—Perminvar Range. 


30 20 













Materials with Constant Permeability—At the Bell Labora- 
tories were developed certain iron-nickel-cobalt alloys (31) having 
a constant permeability at low magnetizing forces. These, contain- 
ing in the neighborhood of 30 per cent iron, 45 per cent nickel, and 
25 per cent cobalt, were called “perminvar.” They are useful wher- 











ever a constant inductance or reactance is essential such as in filter 
coils for radio circuits or for loading coils for telephone circuits, 
where air gaps are otherwise used with sheet materials or where 
iron or permalloy is used in the form of compressed powders, Fig. 
16 shows uie perminvar range according to Elmen, and Fig. 17 
shows the hysteresis loops for the optimum composition. Similar 
(but not as good) results may be obtained with 50 per cent iron- 
nickel alloys by means of a special heat treatment which, in fact, 
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is an incomplete annealing below 800 degrees Cent. (1470 degrees 
Fahr.). Such an alloy, developed independently at the Bell Lab- 
oratories and at the Westinghouse Research Laboratories, has by 
the latter been called “conpernik” to distinguish it from “hipernik,” 
as both have essentially the same composition (32). 














Fig. 17—Perminvar Hysteresis Loops. 


A more recent development in Germany resulted in iron-nickel 
alloys called “isoperms” containing 35 to 55 per cent nickel with 
some alloying element which tends to precipitate under certain com- 
binations of cold rolling and annealing (33). Aluminum, copper 
beryllium, manganese and titanium, have been used with varying 
success. The best alloy contains 40 to 45 per cent nickel, 45 to 50 


- 
. 


per cent iron, and 5 to 15 per cent copper. The alloy is first dras- 
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Fig. 18—-Monel Type of Magnetic Temperature Com 
pensators 70 Per Cent Nickel Plus 30 Per Cent Copper. 


Fig. 19—30 Per Cent Nickel 
Type of Magnetic Temperature 
_ompensators. 


tically cold-rolled, then quenched from a high temperature, further 
cold-rolled, and finally annealed, a treatment by which the copper 
is precipitated in such a way as to produce a preferred arrangement 
of the iron-nickel lattice, resulting in very low retentivity and con 
stancy of permeability (50 to 60) over a wide range of H (0 to 100 
oersteds ). 

Alloys for Magnetic Temperature Compensation—Because of 
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the fact that the magnetic permeability of iron and iron alloys de- 
creases with temperature (except for low values of H) the reading 
of electrical meters that depends upon the flux produced by a con- 
stant voltage supply or by a certain load current, such for example 
as watthour meters, decreases with the ambient temperature. To 
compensate for such errors it is customary to shunt a certain amount 
of the magnetic flux around the moving part of the meter by means 
of an alloy having an unusually high magnetic temperature coeffi- 
cient between O and 100 degrees Cent., so that, as the ambient tem- 
perature increases, the amount of the shunted flux decreases, forc- 
ing uuiore of the flux through the moving member than otherwise 
would be the case. By proper proportioning of the parts, it is thus 
possible to compensate almost completely for the temperature 
changes. Alloys for such purposes are essentially of two types: 

(1) The nickel-copper (monel) type having a composition 
around 70 per cent nickel + 30 per cent copper with certain admix- 
tures, such as iron (General Electric Company’s calmalloy (34) 
containing about 2 per cent iron) or manganese (Westinghouse Alloy 
containing about 1 per cent manganese with or without a small 
amount of silicon or these two alloys in parallel) (35). 

Characteristic curves are shown for these alloys in Fig. 18. 

(2) The nickel-iron type containing around 30 per cent nickel 
with a small amount of manganese. Such an alloy is Krupp’s thermo- 
perm (36) curves for which are shown in Fig. 19, nearly straight 
lines for all values of H from low temperatures up to 60 degrees 
Cent. and higher temperature coefficients than for the monel type of 


alloy. 
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INTERNAL STRESSES IN PISTON RODS 
OF A LARGE DIESEL ENGINE OCEAN LINER 


By GEorRGE SACHS 
Abstract 


This paper resulted from an investigation on the me- 
chanical breakdown of an ocean liner which attracted con- 
siderable attention several years ago. The fatigue failure 
of 5 out of 24 piston rods was particularly unexpected 
because for the first time, a heat treated high strength 
steel had been used instead of the normal soft quality. 
A striking difference between the two materials was found 
regarding the magnitude of internal stresses. The heat 
treated steel contained stresses up to 50,000 pounds per 
square inch whereas the soft steel was found to be stress- 
free. A number of methods were tried in order to deter- 
mine the internal stresses and to find a correlation be- 
tween the fatigue failures and the stresses. A method 
previously developed by the author yielded accurate and 
complete results. The fatigue failures started from the 
points where internal tensile stresses had their peak. How- 
ever, the presence of internal stresses was not the only 
factor which accelerated the fatigue failure; the presence 
of a radial cooling bore and corrosion by the coolant also 
participated in the observed radical reduction of the fa- 
tigue resistance. 


SHORT time after leaving harbor the diesel engines of a large 
A ocean-going liner stopped working. Upon investigation it was 
discovered that two out of the four diesel engines had serious failures 
in the piston rods. Five piston rods were broken and the remaining 
seven showed beginning cracks. The other two engines were appar- 
ently free from failures. Each piston rod broke at the transverse out- 
let hole for the coolant. A broken surface is shown in Fig. 1. The 
concentric zones are typical of a fatigue rupture. The remainder of 
the fracture is partly damaged by the movements of the engine after 
the failures occurred. The piston rods with cracks as in Fig. 2 showed 
similar cracks in the intake hole as well as in the outlet hole. Fig. 


_ The author, George Sachs, is assistant professor, department of metallurgy, 
Case School of Applied Science, Cleveland. Manuscript received May 16, 1938. 
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Fig. 1—Broken Surface of Piston Rod. Scale 1 to 2.5 


3 shows such a crack in a piston rod, which broke during the tests. 

ihe calculated stresses in the piston rods were very low. Divid 
ing the load by the cross section reduced by the hole gives + 3.2 
kilograms per square millimeter (4550 pounds per square inch) 
vibration stresses. Taking into consideration the stress-increasing 
effect of the transverse hole the stresses may be as high as + 8 
kilograms per square millimeter (11,400 pounds per square inch). 

The material used was a heat treated crucible steel with 0.7 
per cent carbon, 0.3 per cent silicon, 0.6 per cent manganese, 0.015 
per cent phosphorus, and 0.04 per cent sulphur. The mechanical 
properties were: tensile strength 69.9 to 74.4 kilograms per square 
millimeter (100,000 to 105,000 pounds per square inch), yield point 
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) 


Fig. 2—-Piston Rod Section Showing Fatigue Cracks in Both Intake and Outlet Holes. 
Scale 1 to 2.5. 


28.6 to 42.9 kilograms per square millimeter (40,000 to 61,000 
pounds per square inch), elongation 17 to 19 per cent, reduction of 
area 38 to 53 per cent, fatigue limit 35.6 to 40.7 kilograms per square 
millimeter (50,000 to 58,000 pounds per square inch), Brinell hard- 
ness 208 to 222 and Young’s Modulus 21,000 kilograms per square 
millimeter (30,000,000 pounds per square inch). The structure was 
composed of spheroidized cementite. The material was particularly 
chosen because of its high mechanical properties instead of a normally 
used soft open-hearth steel. The big forgings were quenched in oil 
trom 1560 degrees Fahr. and drawn at 1240 degrees Fahr. From 
the drawing temperature the rods were probably quenched again. 
The forgings were then straightened and machined to size, including 
the boring of the longitudinal and transverse holes for the coolant. 

Considering the possible sources of this serious failure a hitherto 
disregarded factor, the presence of internal stresses, was followed 
up. Before this investigation was made, there was little known about 
internal stresses in big forgings. The presence of high internal 
stresses in the present case could easily be shown; but it was rather 
difficult to determine their intensity and distribution. The different 
methods of approximation (1)* did not give sufficiently accurate and 


‘The figures appearing in parentheses refer to the bibliography appended to this paper. 
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consistent results. Only by the method, developed by the auth 
(2), was it possible to get a complete picture of the internal straii 
LONGITUDINAL CUTTING THE Piston Rops 


By cutting the piston rods or the forgings along the axis, th 
two parts warp appreciably (Fig. 4). A piston rod, however, mad 





Fig. 3—Piston Rod Showing Fatigue Crack Broken During Cutting in Half. Scale 
[loa 


of carefully annealed open-hearth steel does not warp as in the first 
case and shows no indication of released internal stresses (Fig. 5). 

The deflections of the two parts of one piston rod, which broke 
in cutting (Fig. 4), are given in Fig. 6. According to these figures 
the curvature of each part is very near that of a circle; the deflection 
of a length of 1000 millimeters (40 inches) being about 1.9 mil- 
limeters (0.07 inch). A second piston rod had about the same deflec- 
tion, a third one about 2.4 millimeters (0.1 inch) per 1000 milli- 
meters. In each case the deflection decreased near the piston. 

The warping of these large forgings indicates clearly the 
existence of high internal stresses. However, their real quantity 
cannot be determined accurately this way. There is little difficulty 
in calculating the bending moment, which is necessary to bring the 
distorted parts back to their straight position before cutting. But to 
transform the bending moment into stresses is not possible without 
an additional assumption regarding their distribution. This assump- 
tion would be wrong in any case because the variation of the stresses 
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Fig. 6—Amount of Deflection of a Piston Rod Cut in Half. 





Cee 





‘aR RL UIP Be Vo Ne 


STRESSES IN PISTON RODS 827 


Table I 
Changes in Length of a Piston Rod in Turning Off Layers 
(Length of test piece — 1200 mm—48”) 
(Length of turned part — 1000 mm—40”) 

Measurements Near Hole Measurements Near Surface 

Change in Length Change in Length 

No. of Diam Length 4si,.= AL Length &i3 AL 
Measure- eter L L — Le Le # L — Le Leo 
ment mm mm mm 10-5 mm mm 10-5 
0 235 1199.85. So a 1199.82. By ve ~ 
225 1199.82. —0.02. 2s 1199.79 —0.13, 13. 
2 215 1199.74 0.11. 11 1199.72 0.208 202 
3 205 1199.64; 0.20. 20¢ 1199.63; 0.29. 293 
4 195 1199.57, 0.27.4 276 1199.55. — 0.37; 375 
5 185 1199.51 0.34 34. 1199.47 0.456 45s 
6 175 1199.40. 0.45. 45 1199.36 —0.568 568 

7 165 1199.27. 0.585 S85 1199.27. 0.65 65 
8 155 1199.22, 0.62. 62. 1199.17; 0.752 75s 
Q 145 1199.16 0.692 69. 1199.11, 0.81. Sls 
10 135 1199.10. 0.756 75 1199.03¢ 0.89 &Y 
1] 125 1199.02¢ 0.82. 82; 1199.96; 0.962 962 
12 115 1199.14; 0.70. 70s 1199.08 0.84. 84. 
13 103 1199.25 0.59. 596 1199.19¢ —0.73 73 
14 90 1199.565 0.28. 28« 1199.52, —0.40; 405 


with the distance from the axis of the rod is not known and surely is 
not a simple function. The simplest assumption is that of a linear 
variation, it may give either too high or too low stress values. 
Furthermore, it is impossible to take into consideration the influence 
of the transverse stresses on the longitudinal stresses. Cutting this 


way releases only a part of the stresses, shown as follows. 


CuTTING Out A SEGMENT 


The stresses can however be eliminated completely if a narrow 
segment is cut from such a parted piston rod. Doing this with the 
piston rod shown in Fig. 5 increased the deflection by about 100 per 
cent to 3.7 millimeters (0.15 inch). The segment was 1000 milli- 
meters (40 inches) long and 30 millimeters (1.2 inches) wide on the 
outside. Calculating with a linear distribution of stresses and a 
Young’s Modulus of 20,000 kilograms per square millimeter 
(28,400,000 pounds per square inch) results in tensile stresses of 
27.4 kilograms per square millimeter (39,000 pounds per square 
inch) at the surface of the hole and compression stresses of 19.3 
kilograms per square millimeter (28,000 pounds per square inch) 
at the outside surface. Comparing these figures with the correct ones 
below shows that they are considerably too low. This difference is 
caused by neglecting the transverse stresses. This method does not 
tell anything about the distribution of the stresses outside of the fact 
that they must give the right sign of the bending moment. 
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(GRADUALLY REDUCING THE DIAMETER BY TURNING 


A method to determine not only the amount but also the distribu 
tion of the longitudinal stresses consists in reducing gradually the 
diameter of a certain length and measuring the change of this lengt! 
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Fig. 7—Scheme for Cutting a_ Slice from a 
Piston Rod and Cutting Radially to Measure the Dis 
tortion by Release of Internal Stresses. 





after each turning operation (3), (4). However, this method also dis- 
regards the transverse stresses and gives in most cases stress values 
that are too low (6). Another difficulty was met, when this method 
was used in the present case. Measuring the change in length of a 
test piece 1200 millimeters (48 inches) long, it was found according 
to Table I that these variations were different at the surface and at 
the hole by about 10 per cent. Besides a part of the stresses have 
already been eliminated in cutting the test piece off of the forging. 

A few further experiments were carried out to measure the 
length of a test piece of 400 millimeters (16 inches) with a micro- 
scope. But no reliable figures could be obtained by this method. 
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Obviously the whole measuring device was warping irregularly di 
ing the measurements. 


RADIAL SLOTTING OF A CUT-OFF SLICE 


None of the above methods of approximation give any idea 
about the amount and distribution of the transverse stresses in the 
tangential direction. A simple method to show the presence of such 
stresses in tubular rods consists in cutting off a thin slice and slotting 
through the axis, as shown in Fig. 7. Table II gives the deforma 
tions of a slice of 20 millimeters (0.8 inch) thickness, calculated 
from the changes of distance between corresponding points A-A, 
B-B, etc., of two radii close to the slot. By multiplying these de 
formations by the Young’s Modulus some approximate figures for 
the tangential stresses are obtained. This simple calculation gives for 
one piston rod according to Table II near the outside surface a com- 
pression stress of 11.6 kilograms per square millimeter (16,500 
pounds per square inch) and near the longitudinal hole a tensile 
stress of 21 kilograms per square millimeter (29,600 pounds per 
square inch). In another piston rod about 25 per cent lower stresses 
were found. This method shows there are also high transverse 
stresses present. They are less than half as high as they are actually. 





GRADUALLY INCREASING THE LONGITUDINAL HoLeE By BorRING 


A method to determine the stresses in cylinders and _thick- 
walled tubes in a fairly complete way was developed by the 
author (2). The method is bound to the important condition that 
the state of stress has rotational symmetry. This assumption is met 
in the present case. 

In the author’s method a test piece of sufficient length—at least 
three times the diameter—is cut from the rod to be tested. This test 
piece is bored out through the entire length in small steps. 

At each step, which is determined by the cross section f of the 
hole, the change of the initial length |, and of the initial diameter 
d, of the rod is measured. The points of measurements have to be 
kept away from the ends of the test piece sufficiently far—a distance 
approximately the size of the diameter 





to give undisturbed figures. 
A complete experiment was carried out by this method with a 
test piece of 1100 millimeters (44 inches) length, cut from a piston 
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rod according to Fig. 8. The outside diameter was measured with 
a micrometer at polished and marked spots 300 millimeters (12 
inches) away from each end in four different directions. To get 
the changes of the length sufficiently accurate, two rings were sol 
dered upon the rod about 200 millimeters (8 inches) away from the 
ends. Their distance of 700 millimeters (28 inches) was measured at 
eight corresponding points with a micrometer gage. The wall thick- 
ness was measured at each end and at eight points. This dimension 
does not have to be as accurate as the other ones. 

In taking the actual measurements, it was observed that these 
figures decreased continuously, corresponding to a slight increase in 
temperature of the measuring device by the radiation of the human 
body. Repeating these measurements until these changes remained 





within + 0.003 millimeter gave reproducible figures.* 

In a state of rotational symmetry the individual figures of one 
set of measurements should be identical. In the present case the 
normal variations did not exceed + 3 per cent; this proves that the 
state is one of rotational symmetry. Only in the few last measure 
ments—approaching a very thin wall of the remaining shell—the 
variations increased to about + 30 per cent of the total deformation 
of 0.6 per cent (that means 0.6 + 0.2 per cent). 





The boring operations were carried out on a big horizontal lathe 
with small steps and excessive cooling. The change of length was 
followed up during the operation with a dial micrometer attached 
to the rod by shells. After finishing one boring operation the dial 










indicated regularly the decrease of length in approaching again the 
room temperature. To get as far as possible to a state of equilibrium, 
the measurements were therefore taken early in the morning the next 
day after the boring operation. During the whole process the test 
piece was not removed from the lathe. 

The results of the measurements are given in Table III and Fig. 
9. The author’s method uses the expressions: 










A=A+4,83 
O=—68+4ypA 







Al 
with: A = —— (Al — change in length in mm.) 


I, 


*One experiment was also carried out to measure the deformations with a microscope, 
which was mounted on an I-beam. But the variations hereby were as high as + 0.05 milli 
meter (0.002 inch) and much too high for the present problem. It seems as if the whole 
device warps through the heat of the Senne body. 
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Ad 
§ = (Ad = change in diameter in mm.) 
dy 





un = Poisson’s ratio = 0.3 


These are also given in Table III and Fig. 9. The longitudinal 
stresses s and the tangential stresses t have to be calculated according 
to the formulae: 
E dA 
5 = —— | (fp — f) —— A 
] —p? d f 


E 7 d =) ho a f 
t—_———_ | (f, — f) ——_- — ——_—-9 
1 —p,»? df 2f 
(E — Young’s Modulus, f, — cross section of the solid rod, 
f — cross section of the hole) 
The radial stresses were not followed up as they are normally of 
minor importance. 
With the actually measured figures A and 9 in Table III the 


Table Ill 
Changes in Length and Diameter of a Test Piece (Cut Off a Piston Rod) During Boring 
Length of test piece 1100 mm 44”) 
(Measured length lo = 699.9 mm = 28”) 
(Diameter do — 234.1 mm 9.6”) 
Cross 
Diameter Section Change Change of 
of Hole of Hole of Length Outside Diameter 
wd? Al Ad A — e-— 
Measure d r Al \ in Ad 6 gees ee hye 6a ah 
ment mm mm? mm 10> mm 10-5 10-5 10-5 
U 78.07 47 90 aattwd e% anid a Es nen od 
l 79.93 50 20 +-0.004, + O, 0.001, Og + 0, — 0, 
? 90.37 64 10 +-0.015, +- 2. +0.018, +- 7, + 4, + & 
} 100.18 78 90 +-0.038. + 5s +-0.029¢ +-12, + 9s +14, 
4 102.52 8250 +-0.043, + 66 +-0.032, 1-13 i 10 +15, 
. 113.50 101 10 +-0.091¢ +13, +-0.041, +-17, + 18, +-21s 
6 121.86 116 70 10.142, +20, 10.0535 +22, 276 +28, 
7 132.31 137 90 +-0.208, +-29% +-0.065,5 +-28, 380 +375 
8 140.05 154 20 +-0.247.6 +35, +-0.073s +-31s + 44, +41, 
9 143.52 162 00 T 0.2756 “T 39s +-0.076, +-32- — 49, + 44- 
10 150.45 177 80 1.0.327; +46;  +0.086, 137, . S%,  +5ly 
1] 158.17 196 50 +-0.383, +54, 0.094. +40, + 669 +56. 
12 165.24 214 50 +-0.423, +-60, +-0.103, +44, + 736 +62; 
13 172.22 233 00 +-0.475, +67, +-0.107¢ +- 466 + 81, +-66, 
14 176.75 245 00 +-0.5172 +73. +-0.114, +49, + 8&5 +71, 
15 182.02 261 00 + 0.540, +-770 +-0.116s +-49, + 92; +-725 
16 186.45 273 00 “T 0.570, 7 81; T 0.1 17; 7 503 od 966 +74, 
17 193.03 296 00 40.597, L84, +0.121, +51 +101, +77, 
18 200.59 316 00 40,624. +89. 4+-0.126, 453, +105, +80, 
19 206.28 334 00 +-0.649, +-92¢ +-0.132. +- 568 +109. +84, 
20 210.63 348 00 40.6574 1.93, +0.135¢ 157, +111. +86, 
21 215.87 36500 10.683, +97, -+0.140, in 6|64in, oe 
22 219.73 379 00 +-0.6785 96, +-0.148, +635 +-1155 +-91, 
Poisson’s ratio. u 0.3 
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stresses cannot be calculated very accurately, as it is necessary rod. 
form differences. It is therefore more accurate to use in their place of tl 
the figures given by the trend line in Fig. 9, which equalizes the test 
unavoidable variations of the actual measurements. redt 
The result of the calculation is reproduced in Fig. 10. The 
longitudinal tensile stresses have their maximum value of 32 kilo 
“ | 
I2OxIO }—y » Change of Length 
(= Change of Diarneten of | 


44= Poissons Constant 


———~ 


Deformations 















O 
5000 5000 25000 35000 
Cross Section of the Hole in mrn? 


Fig. 9—-Deformation of a Test Piece Cut from a Piston 
Rod and Machined Gradually from Inside. 





grams per square millimeter (46,000 pounds per square inch) at a 
point about 15 millimeters (0.6 inch) away from the surface of the 
hole. The tangential tensile stresses have their maximum value of 
37.5 kilograms per square millimeter (54,000 pounds per square inch) 
directly at the surface of the hole. 

A second experiment was carried out with a piece of the same 
size, which was cut from a broken piston rod. The exact data of 
failure for this piston rod is not known, so that it was running for a 
while after the failure occurred. The broken surface was smoothened 
by the hammering action of the two parts and this had also increased 
the diameter by about 0.8 per cent. The stresses in this case only 
amounted to about 10 per cent of the stresses in the unbroken piston 
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rod. The large difference is obviously caused by the compression 
of the rod after the failure occurred, as it could be shown with small 
test pieces that uniform deformations, elongations or compressions, 
reduce internal stresses to low values (7). 


FATIGUE CRACKS AND INTERNAL STRESSES 


This investigation has shown that in heat treated steel forgings 
of large sizes internal stresses up to 60 per cent of the tensile strength 


longitudine/ Stresses 
50000 20000 10000| 0 | 10000 20000 30000 40000 


Cross Section of the Hole 1 mm? 


Stresses in kg/mm? 





Fig. 10—Internal Stresses in a Piston Rod. 


and of the same magnitude as the fatigue strength may be present. 
To get the proper amount and distribution of these stresses a some- 
what complicated method has to be used. Simpler methods of ap- 
proximation may be useful for controlling the production (8), but 
they generally give too low values of the stresses and do not reveal 
their actual distribution. 

At first it seems only natural to attribute the fatigue failures of 
the piston rods exclusively to these high internal stresses. Addition- 
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ally, this seems to be confirmed by the fact that according to Fig 
the fatigue cracks started generally from a point on the surface | 
the transverse hole, which is a certain distance away from the longi- 
tudinal hole. This corresponds to the result of the present investiga- 
tion, that the highest longitudinal tensile stresses were also found in 
the same region. Adding small vibration stresses to such high in- 
ternal stresses may cause fatigue cracks to start rapidly. 

However, fundamental investigations carried out, partly caused 
by the herein described failures, have revealed a few facts, which 
reduce the importance of internal stresses. It was found that vibra- 
tions decrease continuously the amount of internal stresses (9) and 
that the corrosive action of the coolant is another well-known factor, 
which speeds up appreciably a fatigue failure (10). The transverse 
hole with its rough surface is a further unfavorable feature. 

Therefore the failure has eventually to be attributed to a com- 
bined action of three factors. 

1. High internal stresses caused by unsuitable heat treatment. 

2. Stress-increasing changes of cross section, caused by un- 

favorable design. 
3. Reduction of fatigue strength by corrosion, caused by unsuit 
able cooling. 



















A few experiments were also carried out to find the actual source 
of these internal stresses (6). Stresses of this magnitude can form 
easily in forgings of any size if these are quenched in water or oil 
from temperatures above 900 degrees Fahr. (11). 
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ISOTHERMAL TRANSFORMATION IN STEELS 


-e ~ . 
. By Epmunp S. DAVENPORT 
tiga 
ae tn Abstract 
n in- me ; at ieee ; 
The development and fundamental significance of 
isothermal transformation investigations as applied to the 
jused heat treatment of steel is briefly reviewed, and the major 
thich effects of alloying elements as revealed by such stidies are 
ibra- outlined by means of isothermal transfor mation diagrams 
a? Cs -curves).— The effect of indwidual elements, C, “Mn, 
, Cr, Mo, V and Co, is first discussed and this 1s fol- 
ctor, is ved by the presentation of the isothermal transforma- 
verse tion diagrams of several typical alloy steels of the S.A.E. 
series, 0.40 per cent carbon grade. 
com- With the exception of cobalt, all of the alloying ele- 
ments investigated retard the transformation of austenite 
in the Ar’ range, provided the clement is in real solid 
— solution in the austenite prior to transformation. Chro- 
un- mium, molybdenum and vanadium are most effective in 
this respect, with manganese next in order, while nickel 
suit and carbon exert a smaller, but appreciable, influence. 
Many of the 0.40 per cent carbon alloy steels investi- 
a gated have isothermal transformation curves which 
= scarcely manent the letter “S” and from the standpoint 
‘orm of both theory and practice these alloy steel curves have 
r oil quite different implications from the now-famuliar 
S-curve for eutectoid carbon steel. 
The hardness and microstructure of the S.A.E. steels, 
as tsothermally transformed at several different tempera- 
ture levels down to 600 degrees Fahr., are discussed 1 
some detail and, insofar as possible, these observations 
are correlated with the corresponding trends as observed 
1 and im carbon steels. 
[INTRODUCTION 
HE honor of being selected as the 14th Campbell Memorial 
Lecturer to perpetuate the memory of Edward DeMille Camp- 
bell is one which I appreciate highly. I had not the privilege, enjoyed 
by many former Campbell Lecturers, of studying under Professor 
ésen, 


This is the Fourteenth Edward DeMille Campbell Memorial Lecture, 

1/32 presented by Edmund S. Davenport, metallurgist, Research Laboratory, United 

ors States Steel Corp., Kearny, N. J. The lecture was presented at the Twenty- 

tirst Annual Convention of the Society, held in Chicago, October 23 to 27, 1939. 
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Campbell or even of knowing him personally. However, his reputa- 


tion as a leader and trainer of young men and his attainment of a 
high place in his chosen profession in spite of a physical handicap, 
which to most men would have spelled defeat and obscurity, will 
always stand as a source of inspiration to students and workers in 
the field of metallurgy. 

In common with many of his contemporaries, Professor Camp- 
bell devoted much of his effort to the investigation of various aspects 
of the constitution of steel as revealed by studies involving, on the 
one hand, conditions of presumed equilibrium, or on the other hand, 
conditions in which the influence of time and of temperature could 
not be readily separated or evaluated. In recent years it has become 
increasingly evident that if we are to get at the fundamentals of the 
subject of heat treatment of steel, we shall have to make a systematic 
effort to disentangle the influence of time and of temperature by 
studying each one separately; in order to do this, one factor (time 
or temperature) must be held constant while the other is varied in 
some predetermined manner. To study the effect of continuous 
cooling fails to meet these requirements, since, with any given cool 




















ing rate, both time and temperature are changing simultaneously and 
it is utterly impossible to evaluate the separate influence of eithe: 
factor. 

Such considerations led us to investigate the constant-tempera- 
ture, or isothermal, transformation of austenite.- This work was 
started at the Research Laboratory of the United States Steel Cor 
poration just ten years ago this month and has been pursued there 
continuously since that time. The so-called “S-curve” diagram, 
which summarizes the observations in condensed form, is the theme 
of today’s lecture; it depicts the time required for the breakdown » 
of austenite to ferrite and carbide at any constant temperature below 
the equilibrium transformation range and embodies, we believe, the 
fundamentals of the subject of heat treatment insofar as the trans- 
formation of austenite is concerned. I propose, therefore, to review 
rather briefly the development and significance of isothermal trans 
formation studies and then to pass on to a discussion of the influence 
of alloying elements in steel as revealed by such studies. 


TECHNIQUE OF ISOTHERMAL TRANSFORMATION STUDIES 


Several means for following the progress of isothermal trans 
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100% Austentte (A) 
at Heating Temp 
all FesC in Solution 


Equilibrium Trensformetion Tempereture (Ae 1) 


75 %A 50 %A C5S%A s00%F#C 


of diaaaiaa itt 2S%FHC  SO%FIC AS %FHC 
fF - Ferrite £ 
C - Carbide (FesC/ 
A -Austenite 
| 


75 %M 50 %M C5 %M 100%F+C 
CS%FHC = S0%FHC ASHFHC 


0 Time at Temperature Leve/ 7; for Transformation 


Fig. 1—Schematic Representation of Heat Treating Operations Involved in Preparing 
Specimens for Estimating Progress of Isothermal Transformation by the Metallographic 
Method 


formation are available, for instance, by metallographic examination 
of specimens taken from a constant temperature bath at appropriate 
intervals, or by measurement of the change of length of a specimen 
at temperature, or even by hardness or magnetic measurements. 
These methods all yield substantially the same result, but the most 
informative is the metallographic method since, in effect, it permits 
us to see the transformation process while it is going on and hence 
to gain some knowledge of its mechanism and of the structure of 
the product. I shall, therefore, briefly outline the experimental 
technique of this method even though it has already been described 
in detail elsewhere (5), (43). 

The principle of the method is shown schematically in Fig. 1. 
Individual specimens of suitably small dimensions are first rendered 
austenitic, then rapidly transferred to a liquid bath maintained at the 
particular temperature level (T,) under investigation, held at that 


‘The figures appearing in parentheses refer to the bibliography appended to this paper 
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constant temperature for a predetermined time period (p,, p., p,, 
etc.), withdrawn and immediately quenched in cold water or brine. 
The specimens are subsequently sectioned, polished, etched and ex- 
amined microscopically. The essence of the method resides in the 
fact that any untransformed austenite remaining in a given specimen 
at the end of its sojourn in the constant temperature bath appears as 
martensite after the final quench in brine. Attention is called to the 
fact that Fig. 1 is purely schematic and that the amount of trans- 
formation shown for each individual specimen is not necessarily that 
which would be found in such a series in actual practice. Moreover, 
while only five different holding periods are shown, a much larger 
number may be required to determine the “beginning” and “end”’ of 
visible transformation. The terms “beginning” and “ending’”’ will be 
used throughout the balance of the lecture to characterize, respec- 
tively, the time interval required for the first detectable traces of 
transformation product to appear and the last detectable traces of 
austenite to disappear, regardless of the means of measurement em- 
ployed; thus we shall have occasion to refer to “beginning lines” 
and “ending lines” in discussing the various charts and diagrams 
hereafter presented. 

Actual examples of the metallographic method as applied at the 
temperature levels 1300 and 500 degrees Fahr. (705 and 260 degrees 
Cent.) are shown in Figs. 2, 3 and 4; Fig. 2 illustrates the course of 
the transformation to pearlite at 1300 degrees Fahr. (705 degrees 
Cent.) in eutectoid steel, while Fig. 3 shows it at the same tempera- 
ture level in a hypoeutectoid steel, in which case the pearlite reaction 
is preceded by separation of proeutectoid ferrite; Fig. 4 depicts what 
happens at 500 degrees Fahr. (260 degrees Cent.) where the product 
is the rapid-etching, acicular structure frequently referred to as 
bainite. 

Dilatometric or magnetic measurements and other methods of 
following the transformation continuously have been used with suc- 
cess (5), (27), (68); these methods, although less dependent upon 
the judgment of the observer than the, metallographic method, give 
no clue as to the structure of the product formed out of the austenite 
or as to its mode of formation. Regardless of the method used, the 
data are usually plotted in the form of curves (39), such as those 
reproduced in Fig. 5, from which the time corresponding to any 
stage in the progress of the isothermal transformation at any tem- 
perature level may be estimated. An alternative method of plotting, 















































brine. 
d ex- 
n the 
“imen 
irs as 
0 the 
‘Trans- 
y that 
over, 
arger 
- of 
rill be 
“spec- 
es of 
Cs of 
t em- 
lines” 


rrams 


it the 
‘TEES 
‘se of 
TERS 
\pera- 
action 
what 
oduct 


to as 


ds of 
1 SuC- 
upon 
, give 
tenite 
d, the 
those 
» any 
tem- 
tting, 





1939 ISOTHERMAL TRANSFORMATION 841 





_ Fig. 2—Example of Metallographic Method as Applied to Transformation of Aus 
tenite to Pearlite at 1300 Degrees Fahr. in Eutectoid Steel. Magnification x 1000. 
(a) 320 Seconds, Transformation Begins; (b) 1150 Seconds, 25 Per Cent Transformed; 
(c) 1320 Seconds, 50 Per Cent Transformed; (d) 1450 Seconds, 75 Per Cent Trans 
formed; (e) 4000 Seconds, 100 Per Cent Transformed 
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Fig. 3—Metallographic Method as Applied to Transformation of Austen 
ite to Ferrite + Pearlite at 1300 Degrees Fahr. in Hypoeutectoid Steel. 

1000. 

(a) 1 Minute Transformation Has Started with Rejection of Proeutectoid 
Ferrite. (b) 5 Minutes Transformation Proceeds with Continued Rejection 
of Ferrite Followed by Formation of Pearlite. (c) 30 Minutes Transforma- 
tion Goes to Completion by Continued Formation of Pearlite. 
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C 





Fig. 4—Example of Metallographic Method as Applied to Transformation of Aus 


tenite to Bainite at 500 Degrees Fahr. in Eutectoid Steel. Magnification x 1500. 


(a) 400 Seconds, Transformation Begins (b) 500 Seconds, 25 Per Cent Trans 
tormed. -(c) 850 Seconds, 50 Per Cent Transformed. (d) 900 Seconds, 75 Per Cent 
l'ransformed (e) 2500 Seconds, 100 Per Cent Transformed 
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which yields a better estimate of the beginning, progress and end of 
transformation, has recently been suggested by Austin and Rickett 
(59). The results of a series of observations at a sufficient number 
of temperature levels may be assembled on a single chart in which 
temperature of transformation is plotted vertically and time is plotted 
horizontally ; smooth curves are drawr through the points represent- 
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Fig. 5—Typical Curves Showing Progress of Transforma 
tion in a Single Steel at Five Different Temperature Levels 
(Zimmerman, Aborn, Bain.) 











ing the beginning and end of transformation at the different tempera- 
ture levels and the result is the so-called “S-curve’’, a typical example 
of which is given in Fig. 6 taken from E. C. Bain’s 1932 Campbell 
Lecture (9). Between the left-hand portion of the diagram repre- 
senting austenite (black) and the right-hand portion’ representing 
transformation product (white) is a shaded band representing the 
time interval during which, at any given constant temperature, the 
transformation process is under way and in which it may be studied 
experimentally as outlined above. 













Attention is called to two characteristic features of the S-curve: 
(a) the two temperature regions of relatively rapid transformation, 
one in the range 900 to 1100 degrees Fahr. (480 to 595 degrees 
Cent.) (the Ar’ region), the other at temperatures below about 200 
degrees Fahr.; (b) the two temperature regions of relatively slow 
transformation, one just below the Ae, temperature, the other in the 
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end of temperature range 300 to 800 degrees Fahr. (150 to 425 degrees 
Rickett Cent.). These features of the curve are influenced by composition 
umber and grain size of the austenite and possibly by other factors, but the 
which essential point is that these characteristic variations in speed of 
lotted transformation at different temperature levels determine, to a large 
resent- extent, the structure and properties obtained on cooling a given steel 


at a given rate from the austenitic range. 
The upper region of rapid transformation in the vicinity of 900 
to 1100 degrees Fahr. (480 to 595 degrees Cent.) has been variousl\ 






Seconds 
170102, 708) f0O# §=0S5 106 w@ 
Q 
F. 800 
1400 
A; 
1200 : 
= 600 
1000 i ferrite end : 
g Carbide 
9 
© 800 
< 400 
& 
Cc 
© 600 
» 
Cc 
© 
ic 
400 200 
ipera- 
ample 200 
npbell 
repre- : ' 0 
mel 10 1 510 1 51 5124 
5 Sec. Minutes Hours Days Weeks 
g the Transformation Time (Log. Scale) 
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udied 
termed the “nose of the S-curve’, ‘Ar’ region’, “high temperature 
urve : region of rapid transformation” and so on. Since this portion of the 
ation, diagram must be mentioned repeatedly throughout the lecture, it will 
grees be called the ““Ar’ range” merely as a matter of convenience in direct- 
t 200 ing attention to this very important region of the curve. The 
slo logarithmic (or ratio) time scale is likewise merely a convenient 


n the means of including on a single diagram the extremely wide range 
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of time intervals encountered at the different temperature levels: on 
a linear scale for time, all detail for the shorter time intervals would 
be completely lost. 


SEQUENCE OF PROPERTIES WITH CHANGE OF 
TRANSFORMATION TEMPERATURE 


The general relationship between the temperature of isothermal 
transformation and the resulting microstructure has been firmly es 
tablished by thousands of observations on steels of relatively high 
carbon content (over 0.50 per cent carbon) ; this is shown schemat- 
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Fig. 7—Typical S-Curve with Ranges of Tem 
perature for Formation of Lamellar and Acicular 
Products Indicated. 


ically in Fig. 7. This general concept of the sequence of structures 
with change of transformation temperature is the basis of one point 
of view in the recent revival of interest in the question of proper 
metallographic nomenclature. 

As would be expected, the mechanical properties of the products 
of isothermal transformation follow the trends of the microstructure ; 
that is, as the transformation temperature decreases, the resulting 
structure becomes finer and finer and hardness and strength increase 
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while ductility decreases. As an example, the trend of hardness in 
some typical carbon and low alloy steels is shown in Fig. 8. There 
is, however, a temperature range, indicated by the shaded band, in 
which many steels fail to show the regular increase in hardness which 
might be expected from the corresponding decrease in transforma- 
tion temperature. It 1s to be noted that this irregularity occurs in a 
temperature range corresponding approximately to the Ar’ range 
of the S-curve which, in turn, coincides with a marked change in the 
character of the transformation product. Within this particular 
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Fig. 8—Rockwell Hardness of Isothermal Transforma 

tion Products of Some Typical Carbon and Low-Alloy Steels. 
range, 800 to 1100 degrees Fahr. (425 to 595 degrees Cent.), the 
microstructure changes from the lamellar or nodular to the acicular 
type; this is strongly suggestive of a fundamental change in the 
mode of transformation in this temperature range and there is ample 
evidence to support this view. A similar irregularity in the hardness 
curve occasionally appears in the Jow temperature range of rapid 
transformation, accompanying a change from the rapid-etching to 
the slow-etching acicular type of structure which, however, is not at 
all well-defined; further careful observations are needed to clarify 
this particular matter, and speculation seems beside the point until 
observations which can be interpreted unambiguously have been made. 
The mechanical properties of the rapid-etching, acicular struc- 
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ture (bainite) resulting from isothermal transformation in the range 
400 to 800 degrees Fahr. (205 to 425 degrees Cent.) have been in 
vestigated in some detail, and the results have shown consistently 
that this structure, particularly in carbon steels, possesses an unex- 
pected degree of toughness and ductility at relatively high levels of 
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Fig. 9—Schematic Representation of Relation 


Between Cooling Rate and Temperature of Initial 
Transformation. (Bain.) 


hardness (Rockwell C 50 to 60). Extensive investigation of these 
facts led eventually to the development of a new method of heat 
treatment based upon isothermal transformation in this temperature 
range ; this process is now commonly known as “‘austempering” (41), 


(42), (69), (70), (71). 


ISOTHERMAL AND COOLING TRANSFORMATION DIAGRAMS 


In 1932 Bain (9) published a diagram, reproduced in Fig. Y, 
which shows schematically the essential relationship between cooling 
rate and the isothermal S-curve. It is obvious that we can obtain a 
transformation diagram based upon different speeds of cooling from 
above the transformation range, and that this might be designated the 
“cooling transformation curve” as contrasted to the “isothermal! 
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transformation curve” with which we are at present on more familiar 
terms. Such a “cooling transformation curve’? would be generally 
similar in shape to the “isothermal S-curve”, except that, as Bain 
pointed out, the portion just below or “sheltered” by the Ar’ region 
would be missing. Experimental evidence now indicates quite defi- 
nitely that the cooling transformation curve lies below and to the 
right of the isothermal S-curve, as would be expected; the exact 
relationship between the two types of diagram is far from simple 
(63), (73) and further experimental work is needed for its com- 
plete clarification ; such investigations have been actively under way 
for some time at the laboratory with which the author is connected. 
Moreover, in any consideration of this aspect of the subject, it must 
be borne in mind that continuous cooling treatments tend to give rise 
to a range or series of structures corresponding to the range of tem- 
perature over which the transformation may take place, as contrasted 
to isothermal treatments which, as it turns out, produce a uniform 
structure characteristic of the particular temperature level involved. 
It will presently be seen that this is a matter of considerable im- 
portance in some of the slow-transforming alloy steels. 


SIGNIFICANCE OF ISOTHERMAL [TRANSFORMATION INVESTIGATIONS 


After approximately ten years of experience in this field it ap- 
pears that the investigations of isothermal transformation have con- 
tributed to an improved understanding of the heat treatment of steel 
in at least four major ways: 

l. They have provided us with a new, more comprehensive 
and clearer picture of the transformation of austenite, which in turn 
furnishes a new basis for a broad, general philosophy of heat treat- 
ment. By learning to think in terms of the S-curve, one finds that 
many facts, long recognized but only vaguely correlated, fall into 
proper place in a consistent picture of the whole subject of heat treat- 
ment. 


2. They have demonstrated the outstanding influence of the 


actual temperature of transformation on the character and properties 
of the several structures possible in a given steel, and on the essen- 
tially continuous variation producible in any single category of struc- 
tures, such as the lamellar series (pearlite), or the acicular series 
(bainite or martensite). 

3. They have permitted us to evaluate the influence of alloying 
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elements on microstructure, mechanical properties, depth of harden- 
ing, and on many other criteria employed to judge the results of 
heat treatment. Chemical composition of the austenite, prior to cool- 
ing, profoundly influences the shape and location of the S-curve, 
hence the response to a given heat treatment; and it is in this field 
that isothermal transformation studies are of practical value in en- 
abling us to account for the specific effects produced by an element 
or combination of elements in solution in the austenite. 














oF 
1400 


1200 


1000 






8 


600 


Temperature 


8 






0 
0.5 











10 400 1000 000 
50 % Transformation Time, Seconds 























Fig. 10—-Comparative Time Intervals for 50 Per 
Cent Transformation in a Single Steel as Influenced 
by Austenite Grain Size. 


4. They have contributed to a rational explanation of the 
influence of coarser austenite grain size, which displaces the S-curve 
in much the same manner as an alloying element. A typical example 
of the effect of austenite grain size on the location of the S-curve of 
a high carbon steel is shown in Fig. 10; as the grain size increases, 
the Ar’ region of the S-curve moves significantly to the right reflect- 
ing the increased reluctance of the steel to transform. This accounts 
for the long-recognized fact that higher heating temperatures, which 
produce coarser austenite grains, give rise to deeper hardening. 

In brief, then, the isothermal transformation rate is fundamental, 
and any factor or set of circumstances which influences it, and thus 
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iffects the shape and location of the S-curve, will exert a correspond- 
ng influence on the response of the steel to heat treatment. 


INFLUENCE OF ALLOYING ELEMENTS 


In covering this aspect of the subject I shall first discuss the 
influence of certain individual elements—carbon, manganese, nickel, 
chromium, molybdenum, vanadium and cobalt—as revealed by iso- 
thermal transformation studies. In view of the fact that the results 
of approximately ten years’ work are being summarized here, much 
more could be said than is possible in a single lecture; in any case, 
it is our belief that the essential trends are adequately revealed by 
the curves themselves and that extended comment would be super- 
fluous. Insofar as possible, the influence of each element will be 
demonstrated by means of comparison charts which show how the 
S-curve is modified in shape and position as the amount of the 
element under consideration increases. In order to avoid a confus- 
ing multiplicity of curves on comparison charts for hypoeutectoid 
steels, we have arbitrarily omitted the curve for beginning of pro- 
eutectoid ferrite separation at the higher temperature levels ( Ar’ 
range and above) and have shown only the curves for beginning of 
formation of lamellar products (pearlite), since we believe the pearl- 
ite curve is more significant from the standpoint of heat treating 
practice; the curve for beginning of ferrite separation would, of 
course, lie to the left of the upper portion of the S-curve. 

In these comparisons, austenite grain size, incidental elements, 
degree of solution of carbides and other factors which might influ- 
ence the trends, were either held constant or maintained within nar- 
row limits. The comparison charts show the curves for both begin- 
ning (left) and ending (right) of transformation; both curves are 
shown because, in many instances, the characteristic trend imparted 
by the alloying element under consideration is revealed more clearly 
by one than the other; in a few instances the curve for 50 per cent 
transformation is shown instead of the beginning and ending curves. 
In many cases only the portion in the vicinity of the Ar’ range is 
shown since this is the most significant part of the curve with respect 
to ordinary heat treating operations. Following the discussion of the 
effect of individual alloying elements, there will be presented the 
isothermal transformation curves of a number of alloy steels of the 
S.A.E. series (0.35 to 0.45 per cent carbon grade); the S.A.E. 
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Fig. 11—-Comparison Chart Showing Influence of Carbon on the Isothermal Trans 
tormation Curve. Left, Beginning Curves; Right, Ending Curves. 





steels investigated include some of the more popular and widely used 
compositions. 










The equilibrium transformation temperatures, Ae, and Ae 
shown on many of these diagrams were determined by means of 
metallographic observations and hardness tests on series of specimens 
and A 
points after holding for a period sufficiently long to obtain substan 
tial equilibrium. 
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brine quenched from temperatures in the vicinity of the 









INFLUENCE OF INDIVIDUAL ELEMENTS 














Carbon—Fig. 11 shows the influence of carbon content as re- 
vealed by the S-curves of three steels containing 0.54, 0.89 and 1.13 








per cent carbon respectively, all with manganese in the range 0.30 to 
0.45 per cent. These curves indicate that the hypereutectoid steel 
(1.13 per cent carbon) is the fastest of the three to start transform 
ing in the Ar’ range; this behavior has been observed repeatedly and 
is probably esnedinded with the rejection of proeutectoid carbide ahead 
of the formation of pearlite, these carbide particles then serving as 
nuclei which speed up the pearlite reaction. The curves for the 
hypoeutectoid and eutectoid steels are in the same relation to each 
other in the Ar’ range as they are at lower temperature levels where 
the transformation is markedly and consistently retarded with in- 
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Fig. 12—-Comparison Chart Showing Influence of Manganese on the Isothermal 
lransformation Curve. Left, Beginning Curves; Right, Ending Curves. 


creasing carbon content. Attention is called to the fact that the low- 
carbon member of the series (0.54 per cent carbon) begins to trans- 
form quite rapidly in the intermediate temperature range (400 to 700 
degrees Fahr.), in which range the higher carbon steels behave very 
sluggishly ; this effect will be even more evident when we come to the 
discussion of the 0.35 to 0.45 per cent carbon steels of the alloy series. 
Manganese—-The influence of manganese as revealed in a series 
of steels containing 0.50 to 0.65 per cent carbon is shown in Fig. 12. 
The general effect of this element is to retard the transformation at 
all temperature levels; indeed, Bain (8) showed that when the man- 
ganese content reaches some 6 to 7 per cent the transformation is so 
very slow that it requires about four weeks to go to completion at 
975 degrees Fahr. (525 degrees Cent.). Thus, through a knowledge 
of the transformation rates involved, we have at hand a logical ex- 
planation of the long-known and well-established fact that manga- 
nese is an effective element for increasing depth of hardening. 
Nickel—The influence of nickel in a series of steels containing 


0.50 to 0.60 per cent carbon is shown in Fig. 13. Nickel, like man- 


ganese, is an element which consistently retards the transformation 
at all temperature levels, but much less markedly than manganese, 
as shown by Bain (8) and as can be readily seen from a comparison 
of Figs. 12 and 13. Since a fairly high percentage of nickel is pres- 
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lowers the Ae, temperature, it may be of interest to compare the 
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Fig. 15—-Comparison Chart Showing Influence of Chromium on the Isothermal Trans 
formation Curve of High Carbon Steel. Left, Beginning Curves; Right, Ending Curves. 


scale. In effect, this method of plotting gives all the curves a com- 
mon Ae, line and serves to eliminate possible confusion arising from 
the lowering of the Ae, and the resultant “squashing down” of the 
S-curve itself with increasing nickel content. The curves for begin- 
ning of transformation are shown plotted on this basis in Fig. 14, 
and it is obvious that no particularly significant relationships are 
brought to light by this method of plotting; it is interesting to note, 
however, that the Ar’ range of the 3.88 per cent nickel steel appears 
to be definitely lifted to a higher temperature level, relative to Ae,, 
as compared to the three other steels. 

Chromium—tThe influence of a small amount of chromium in 
high carbon steel is shown in Fig. 15; this element appears to be 
more effective in retarding the transformation in the Ar’ range than 
manganese, which itself is more effective than either carbon or nickel. 

The influence of chromium in a series of steels containing 0.32 
to 0.42 per cent carbon is shown in Fig. 16. In these lower carbon 
steels chromium is revealed as a very effective element for retarding 
the transformation in the Ar’ range, thus furnishing a rational ex- 
planation of the marked air-hardening tendencies of many of the 
chromium-bearing steels. Note, particularly, the characteristic form 
imparted by chromium to the upper portion of the curves, and how 
this effect increases in intensity with increasing chromium content. 
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Fig. 17—-Comparison Chart Showing Influence of Molybdenum on the Isothermal 
Transformation Curve. Left, Beginning Curves; Right, Ending Curves. 





The broken line in the curve for the 2 per cent chromium steel repre- 
sents what we believe to be the beginning of a second stage of trans- 
formation in this range of temperature; this point will be discussed 
in further detail in a subsequent section. Note how the lower carbon 
content of these steels is reflected in the form of the beginning curve 
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it the lower temperature levels, indicating that carbon is the element 
which largely determines the form and location of this portion of 
the beginning curve. The rather surprising effects of alloying ele 
ments, as revealed by isothermal transformation diagrams such as 
those for the chromium steels (Fig. 16), will become increasingly 
evident as the story continues, particularly when the S.A.E. steels 
are taken up for discussion. 
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Fig. 18—Comparison Chart Showing Influence 
of Vanadium on the Isothermal Transformation Curve 
of High Carbon Steel. (Zimmerman, Aborn, Bain.) 
These Curves Represent the Time Required for 50 
Per Cent Transformation, Instead of the Beginning 
or Ending Time as Shown in Previous Comparison 
Charts. 





Molybdenum—Fig. 17 illustrates the influence of molybdenum 
as shown by the curves for a series of steels containing 0.35 to 0.42 
per cent carbon. Like chromium, molybdenum imparts a peculiar 
and characteristic form to the upper portion of the isothermal trans- 
formation curve, and up to about 0.5 per cent appears to be much 
more effective than chromium in retarding the transformation at tem- 
peratures above 1000 degrees Fahr. (540 degrees Cent.). It appears 
that between 0.5 and 0.8 per cent molybdenum there is little or no 
significant change in the shape of the curve ; the minor inconsistencies 
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Fig. 19—-Comparison Chart Showing Influence of Cobalt on the Isothermal Trans 
formation Curve. Left, Beginning Curves; Right, Ending Curves. 








observed in the curves for the steels containing 0.5 and 0.8 per cent 
molybdenum may well be due to the difference in manganese content 
of these two materials. An attempt was made to determine the curve 
for a 2 per cent molybdenum steel containing 0.33 per cent carbon ; 
the structures revealed in this steel were so difficult to interpret that 
we consider the curve to be only tentatively worked out, and it is 
shown in Fig. 17 solely on this basis. 

V anadium—The influence of small amounts of vanadium (0.20 
to 0.30 per cent) on the transformation rate of high carbon steel 
has been investigated quite thoroughly and reported upon elsewhere 
(39). Fig. 18 shows the S-curve (50 per cent transformation) of a 
vanadium steel, with the vanadium actually in solid solution in the 
austenite, as compared to that of a comparable vanadium-free steel ; 
it is seen that vanadium retards the transformation at and below the 
Ar’ range, but at higher temperature levels it appears to accelerate it 

Cobalt—Cobalt has been reported to be an element which pro- 
motes shallow hardening (7), (9), (58). Since this alleged influ- 
ence of cobalt appeared to be at variance with the effect of other 
alloying elements in steel, it seemed desirable to investigate the 
question by the isothermal transformation technique. Accordingly, 
a series of high carbon steels (0.95 per cent carbon) was prepared, 
containing 0, 1 and 2 per cent cobalt and the portion of the S-curve 
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between 7OO and 1200 degrees Fahr. (370 and 650 degrees Cent.) 
was determined for each. The results are shown in Fig. 19 which 
indicates quite clearly that cobalt actually accelerates the transforma- 
tion of austenite in the Ar’ range. There is no ready explanation 
for what appears to be the unique influence of this element, although 
it has been suggested that it may be related in some way to the fact 
that cobalt undergoes an allotropic transformation of its own, in a 
temperature range not far from that in which iron transforms. 

So much for the influence of individual alloying elements. It 
appears that, with the exception of cobalt, almost any element which 
can be put into true solid solution in austenite retards the trans- 
formation of that austenite when cooled below its temperature range 
of stable existence; in other words, alloying elements (cobalt ex- 
cepted) move the S-curve to the right on the time axis. Thus, for a 
given rate of cooling of austenite, the alloy steel transforms at lower 
temperatures and hence forms harder, stronger structures than does 
a carbon steel comparably treated. Stating it somewhat differently, 
the alloy steels are deeper hardening than carbon steels because they 
have S-curves which lie farther to the right and hence have slower 
so-called “critical cooling rates”. However, many of the alloying 
elements form carbides, oxides or other compounds which are rela- 
tively reluctant to go into solution in austenite, and unless real solid 
solution is achieved, the apparent influence of a particular element 
may be quite different from that outlined above; conversely, with a 
little experience, the isothermal transformation rate, at some sig- 
nificant temperature level, conceivably may be used as a rough indica- 
tion of whether or not the alloying elements present are in true solu- 
tion in the austenite. 


ISOTHERMAL TRANSFORMATION CurRVES OF S.A.E. ALtoy STEELS 


Turning now to the influence of alloying elements as revealed 
by the isothermal transformation curves of some typical, commercial 
S.A.E. alloy steels of the 0.35 to 0.45 per cent carbon grade, let us 
first consider the diagrams for the individual steels. The curves were 
determined both by the metallographic and dilatometric methods at 
about 100 degrees Fahr. intervals down to 400 to 500 degrees Fahr. 
(205 to 260 degrees Cent.) ; within the limits of experimental error, 
the results obtained by the two methods checked remarkably well. 

The list of steels investigated is shown in Table I, together with 
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the chemical analysis, heating (austenitizing) temperature used, 
austenite grain size obtained at that temperature, and other pertinent 
data. In general, a heating temperature comparable with that used 
in commercial practice was employed in working out the isothermal! 
transformation diagrams of these steels; this was done in order that 







Table |! 
Data on S.A.E. Steels Investigated 


Equilibrium 


Transformation Austenite——— 











Steel Temperatures Heating 
S.A.E. —-Chemical Composition, Per Cent——, Ae, Aes Temp. Time Grain Size 
No. & Mn Si Ni Cr Mo V (°F) (°F) (°F) (Mins.) (ASTM) 
oe. aoe ee. re See” CU ase ‘shew Bee Geo Bae ae 7-8 
Tore eo) Bee eae bese  ebmancwese ae eee. nae. 25° 70% 7 a aoe 
prae maa: 6 OCS U6 (UO O93 (Se tw SO Oe Cc SSe) CSS 6-7 
ee See ae ee ee ce  eees 1305 1390 1550 15 7-8 
4146. G37 6.77 G35 ©0064 6:96 0.21 .... 131365 3445 1550 i5 7-8 
6140 0.43 0.74 0.23 0.06 0.92 .... 0.16 1365 1440 1550 15 8 
(640 G.se Ges G.19 1.84 6.06 6.23 ...<. 1280 1395 1550 15 7-8 
Coen sae. wee. O26. 2.79 .6239- G23 ::...<): bane 13379 323550. 15 7-8 
iCr- mee Gil Gee 646 O15 5.46 642 .i..° 3247S. 3535 3650 35 7-8 


the data obtained might be as practically useful as possible, even 
though, in some instances, it meant that the full alloy content of the 
steel was not in solid solution in the austenite. All the steels were 
given a preliminary normalizing treatment consisting of air-cooling 
from 1800 degrees Fahr. (980 degrees Cent.) in the form of 1 to 
13g-inch rounds. 


The isothermal transformation curves are shown in Figs. 20 to 





28 inclusive and since these diagrams, 1n a sense, tell their own story 





more eloquently than any words could, only brief comment will be 





made on the more important features of the curves in each individual 
case. Full appreciation of the peculiarities of these S.A.E. steel 
curves can best be had by frequent comparison with the eutectoid 
steel S-curve (Fig. 6) and with those showing the influence of in- 
dividual alloying elements presented earlier (Figs. 11 to 19). Since, 
in this group, only a single steel is dealt with on each chart, it has 
been possible to show the line for beginning of proeutectoid ferrite 
rejection, as well as the line for beginning of formation of lamellar 
product, at the higher temperature levels; thus the relationship of 
these two lines to the Ae, and Ae, temperatures, respectively, 1s 
clearly brought out. The Rockwell C hardness obtained after com- 
plete transformation at the different temperature levels is also in- 
dicated on each diagram. 












































As the discussion of the S.A.E. steel curves proceeds, it may be 
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helpful to regard the diagram as a kind of map, in which the region 
between beginning and end of transformation to the “ferrite-carbide”’ 
aggregate corresponds to land, and the regions on either side to 
water; thus the water on the left would be the “austenite sea” and 
that on the right the “ferrite plus carbide sea”. Following out this 
simile, we shall have occasion to refer to “bays” and “promontories” 
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Fig. 20-—Isothermal Transformation Curve for S.A.E. 234! 


in discussing some of the peculiar features of these rather strange 
looking curves. The series of X’s appearing between the ranges for 
lamellar and acicular products of transformation represents an in- 
termediate type of structure which will be discussed in a subsequent 
section of the lecture. Attention is also directed to a convention used 
for representing the end of transformation at the lower temperature 
levels, 500 to 600 degrees Fahr. (260 to 315 degrees Cent.) and 
below ; the curve labelled “Transformation Ends” represents, as well 
as could be determined experimentally, what we believe to be the 
true (100 per cent) end of transformation at these temperatures 
note that this line extends out to extremely long time periods, an 
observation which is consistent with the well-known tendency of 
many of these alloy steels to retain some proportion of austenite per- 
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manently at room temperature. Another curve, labelled “Virtual 
Ending”, represents the approximate time for the transformation to 
go to substantial completion ; this time is, in most instances, of greater 
practical significance than the time for complete transformation of 
every last trace of austenite at these low temperature levels. 

S.A.E. 2340 (3.25 to 375 Per Cent Nickel)—This curve (Fig. 
20) has the same characteristic “S’’ shape as the curves for plain car- 



































bon steels of higher carbon content; however, the interval between 
beginning and ending lines is relatively wide ; and the influence of the 
relatively low carbon content is evident in the manner in which the 
line for beginning of transformation at the lower temperature levels 
is pushed toward the left as compared to the same line in the dia- 
grams for higher carbon steels. This influence of carbon on the 
lower portion of the S-curve was mentioned earlier, and the same 
general effect may be noted in the curves for all of the $.A.E, steels 
examined. The whole curve for $.A.E. 2340 has a “squashed down” 
appearance due, of course, to the lowering of the Ae, and Ae, tem- 
peratures by the relatively large amount of nickel present in this 
steel. 
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S.A.E. T-1335 (1.60 to 1.90 Per Cent Manganese )—The dia- 
eram for this steel (Fig. 21) shows the extremely wide time interval 
between beginning and ending lines and the increased reluctance of 
; the transformation to go to completion at temperatures in the vicinity 
of 900 degrees Fahr. (480 degrees Cent.). Thus we have a “promon- 
tory” in the ending line, and it will presently become evident that 
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- Fig. 22—Isothermal Transformation Curve for S.A.E. 5140. 
Fig. 
car- this feature is characteristic of all these alloy steels which contain 
veen appreciable amounts of carbide-forming elements. The promontory 
the effect may be clearly seen in the comparison chart for the straight 
the chromium steels (Fig. 16) as well as in that for the molybdenum 
vels series (Fig. 17); moreover, if the alloying element is a strong car- 
dia- bide-former such as chromium or molybdenum, the beginning line 
the takes on the characteristic form of the ending line, thus giving rise 
ume to a “bay’’, as the alloying element is increased in amount. Indeed, 
eels this seems to be one of the outstanding effects contributed by the 
vn" alloying elements occurring in the S.A.E. steels investigated, and this 
-m- feature will be referred to several times in the following discussion. 
his S.A.E. 5140 (0.80 to 1.10 Per Cent Chromium )—The curve for 


this steel (Fig. 22) indicates that this amount of chromium 1s sufh- 
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cient to modify the shape of the beginning curve as well as the end 
ing curve, thus resulting in a bay in the vicinity of 1000 degrees 
Fahr. (540 degrees Cent.). Note that the curve for beginning ot} 
ferrite rejection is not greatly altered as compared to steels without 
chromium (S.A.E. 2340 and T-1335), although the whole S.A.E. 
5140 curve is stretched vertically due to the action of chromium in 
raising the Ae, and Ae, temperatures. 


1400 Aes} i [crepe LLC =F . 
Last LI 
eT +f } 


| | cee | 
00 Pee coeeet eet TI 





500 
400 
C4 r qa ||| 


NL a 


Temperature 


Transformation Time, Seconds 


Fig. 23—Isothermal Transformation Curve for S.A.E. 3140 


S.A.E. 3140 (1.00 to 1.50 Per Cent Nickel; 0.45 to 0.75 Per 
Cent Chromium )—Fig. 23 shows the curve for this steel and it is 
seen that while the small amount of chromium involved here is suffi- 
cient to modify the ending curve, it just barely makes itself evident 
in the beginning curve and practically not at all in the ferrite curve. 

S.A.E. 4140 (080 to 110 Per Cent Chromium; 0.15 to 0.25 
Per Cent Molybdenum )——This curve (Fig. 24), as compared to the 
curve for S.A.E. 5140 of similar chromium content, shows that this 
combination of chromium and molybdenum results in a pronounced 
alteration in the shape and location of both the beginning and ending 
curves at the higher temperature levels. It is to be noted that this 
steel is the most sluggish in its isothermal transformation behavior 
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Fig. 24—-Isothermal Transformation Curve for S.A.E. 4140. 
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of any of the steels that have yet been discussed in the S.A.E. series. 

S.A.E. 6140 (0.80 to 1.10 Per Cent Chromium ; 0.15 to 0.18 Per 
25 shows that the curve for this steel is 
quite similar to that for S.A.E. 5140, both steels containing the 
same amount of chromium but S.A.E. 6140 having the addition of 
vanadium. The upper bay in the beginning line is lifted to a slightly 
higher temperature level than in the straight chromium steel (S.A.F. 
5140) ; this effect may also be detected, to an even-slightly greater 
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Fig. 26—Isothermal Transformation Curve for S.A.E. 4640 


extent, in the curve for S.A.E. 4140 steel. Incidentally, it should 
be evident by this time that this bay in the line for beginning of 
lamellar transformation is characteristic of all steels containing chro- 
mium much in excess of 0.5 per cent; moreover, the intensity of the 
effect is roughly proportional to the chromium content, although it 1s 
obviously enhanced by the presence of other alloying elements. 
S.A.E. 4640 (1.65 to 2.00 Per Cent Nickel; 0.20 te 0.30 Per 
Cent Molybdenum)—The curve shown in Fig. 26 clearly indicates 
the tremendous influence exerted by this combination of nickel and 
molybdenum. Note the exceedingly protracted time interval between 
the beginning and end of transformation in the range 950 to 1200 
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series, degrees Fahr. (510 to 650 degrees Cent.). Attention is called to the 
8 Per fact that, in the absence of chromium, the upper bay in the beginning 
eel is line is practically nonexistent and is replaced, instead, by a roughly 
ig the horizontal portion, or “shelf”, in the vicinity of 1050 to 1100 degrees 
ion of 5 Fahr. (565 to 595 degrees Cent.). This “shelf” is clearly evident 
ightly : in the beginning curves for the straight molybdenum steels ( Fig. 17), 
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Fig. 27—-Isothermal Transformation Curve for S.A.E. 4340. 
but it is interesting to note that when the molybdenum content reaches 
about 2 per cent, this element also gives rise to the formation of a 
bay in the beginning curve, in much the same manner as chromium. 
S.A.E. 4340 (1.50 to 200 Per Cent Nickel; 0.50 to 080 Per 
ould Cent Chromium; 0.30 to 0.40 Per Cent Molybdenum)—Fig. 27 
g of shows the isothermal transformation curve obtained when all three 
hro- elements, nickel, chromium and molybdenum, are present in the steel. 
| the The extremely sluggish behavior of this steel at the higher tempera- 
it is | ture levels is, of course, reflected in the characteristic high harden- 
| ability of steels of this general composition. Note that this is the 
Per first of the S.A.E. steels in which the ferrite line definitely turns in 
‘ates to the right and follows the contour of the bay in the beginning line; 
and in fact, the two lines merge at about 1050 degrees Fahr. (565 de- 
yveen : grees Cent.) and ferrite, as a definite constituent, does not again 


200 appear in this steel at lower temperature levels. Attention is directed 
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to the extremely long time interval for completion of transformation 
in the range 750 to 1050 degrees Fahr. (400 to 565 degrees Cent.) : 
for example, after 17 days at 900 degrees Fahr. (480 degrees Cent.) 
the transformation was only about 40 per cent completed. The pro- 
nounced shelf at 950 degrees Fahr. (510 degrees Cent.) is undoubt- 
edly the Somayeneet. of the similar shelf in the curves for the 2 per 
cent chromium and 2 per cent molybdenum steels (Figs. 16 and 17). 
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Fig. 28—-Isothermal Transformation Curve for 5.5 Per Cent 
Chromium 0.5 Per Cent Molybdenum Steel. 


The isothermal transformation curves of steels of this general class 
show that in such steels it is possible, by continuous cooling, to pro 
duce the acicular structure characteristic of the temperature range 
500 to 950 degrees Fahr. (260 to 510 degrees Cent.) ; this can be 
accomplished on lower alloy and carbon steels only by rapidly quench- 
ing into a constant temperature bath and holding the steel there for 
the appropriate time, as is done in the process of austempering. 

In a very recent paper Griffiths, Pfeil and Allen (68) present 
the results of an extensive investigation of this aspect of the heat 
treatment of alloy steels. Their work included determination of the 
transformation rates of nickel and chromium steels (0.30 per cent 
carbon) as well as determination of the mechanical properties of 
some of the “intermediate structures’ which form in alloy steels at 
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Nation arlite-f Baia acteonsaite.¢ 7 ‘ 
levels between pearlite-forming and martensite-forming temperatures. 
= ); 5.5 Per Cent Chromium-0.5 Per Cent Molybdenum Steel 
ent. ) (0.11 Per Cent Carbon)—An attempt was made to determine the 
e e e ° o ° ~~ = ° 
ig isothermal transformation curve of a typical 5.5 per cent chromium- 
doubt- : 
aoe 0.5 per cent molybdenum steel and the results obtained are shown in 
pat Fig. 28. Owing to the low carbon content and the extremely slug- 
c ‘ ; - . . ° ie . 
eh vish behavior of this steel, the determination of its S-curve presents 
| unusual experimental difficulties. However, we believe the upper 
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; Fig. 29—-Rockwell Hardness of Isothermal Transformation Products of the S.A.E 
Steels Investigated. 
: portion of the curve (above 1000 degrees Fahr.) is substantially 
correct as shown; the lower portion is purely tentative and needs 
/ further investigation to establish the position of the lines with any 
class degree of precision. In general, the curve is consistent with the 
4 dS ; 
pro- views on the effect of carbon and alloy content expressed in the 
range preceding sections of the lecture. 
in be 
*nch- HARDNESS OF ISOTHERMAL TRANSFORMATION PRODUCTS OF 
ench 
e for ‘ S.A.E. STEELS 
The Rockwell C hardness of the products of isothermal trans- 
sen i e . . . . : : : 
' ; formation of the S.A.E. steels just discussed is shown graphically 
1é€al - ° —* ‘ - 
a / in Fig. 29; these curves are plotted on the same basis as those of 
t 1€ i Ae T . ° ° . 
: Fig. 8. Note that they show an irregularity in the range 900 to 1100 
cent ; : 
‘ ' degrees Fahr. (480 to 595 degrees Cent.), much the same as the 
'S ol : . af ‘ 
7 corresponding curves for carbon steels (Fig. 8); the effect is par- 
Is at 


ticularly marked in steels containing strong carbide-forming elements 
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such as chromium, molybdenum and vanadium. Reference to the 
isothermal transformation curves of the S.A.E. steels shows that 
this irregularity in the sequence of hardness with transformation 
temperature tends to be associated most closely with the temperature 
range in which the structure changes from the lamellar to the acicular 
type; incidentally this occurs in the same general temperature range 
as the curious bay and promontory effects in the beginning and end- 
ing curves respectively. We believe that this is a manifestation of a 
fundamental behavior, common to both carbon and alloy steels, and 
further reference will be made to the question when the subject of 
microstructure is discussed presently. 


SEGREGATION, BANDING, HOMOGENIZATION 


One of the most serious experimental difficulties encountered in 
working out the isothermal transformation curves of alloy steels has 
to do with the chemical segregation, as manifested by banding, which 
inevitably occurs in material of this general class. The metal- 
lographic method of estimating progress of transformation is par- 
t‘cularly sensitive to such inhomogeneity in composition—one micro- 
scopic area in a specimen frequently showing almost complete trans- 
formation while an adjacent area may scarcely show even the begin 
ning of transformation; the presumption is, of course, that the 
regions of austenite richer in dissolved carbon or alloy content trans 
form more slowly than regions more dilute in these elements. Such 
a state of affairs makes estimation of the progress of transformation, 
for the steel as a whole, very difficult indeed, and it was suggested 
that the peculiar form of the curves might be due, in some part, to 
this microscopic inhomogeneity. Thus, the beginning curves con- 
ceivably might be representative of only the low alloy portions of the 
steel, while the ending curves might be representative of only the 
high alloy regions. Therefore, it was proposed that some of the 
S.A.E. steel curves be re-determined on material that had _ been 
homogenized by prolonged soaking at very high temperature. This 
was carried out on three typical steels, S.A.E. T-1335, S.A.E. 4140 
and S.A.E. 4640, using an homogenizing treatment of 2200 to 2250 
degrees Fahr. (1205 to 1235 degrees Cent.) for 48 hours in a sub- 
stantially inert atmosphere. The microstructure of specimens suit- 
ably heat treated so as to reveal banding, if present, was used as the 
criterion of whether or not homogenization had been achieved ; chem- 
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Fig. 30—-Comparative Isothermal Transformation Curves for 
S.A.E. T-1335 Before and After Homogenization. Homogenized, 
Solid Lines; not Homogenized, Broken Lines. 
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Fig. 31—Comparative Isothermal Transformation Curves for 
S.A.E. 4140 Before and After Homogenization. Homogenized, 
Solid Lines; not Homogenized, Broken Lines. 
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ical analysis indicated that the steels suffered no significant change 
of carbon or alloy content during the homogenization treatment. 
The same “austenitizing” temperature (1550 degrees Fahr.) was 
used for the determination of the “as homogenized” transformation 
curves as was used in the determination of the curves prior to 
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Fig. 32—Comparative Isothermal Transformation Curves for 
S.A.E. 4640 Before and After Homogenization. Homogenized, 
Solid Lines; not Homogenized Broken Lines. 
homogenization; the austenite grain size obtained before and after 
homogenization is shown in Table II, the only significant change 


brought about by homogenization being the elimination of the mixed 
train size in S.A.E. T-1335. 


Table Il 


Austenite Grain Size at 1550 Degrees Pahr. (ASTM) 
Steel Before Homogenizing After Homogenizing 
S.A.E. T-1335 (Mn) 70% 7 and 30% 2 7-8 
S.A.E. 4140 (Cr-Mo) 7-8 
S.A.E. 4640 (Ni-Mo) 7-8 


The isothermal transformation curves of these steels in both 
the homogenized and unhomogenized conditions are shown in Figs. 


30, 31 and 32. In the case of S.A.E. T-1335 (Fig. 30) the time 


interval between beginning and end of transformation is appreciably 
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decreased and the promontory in the ending curve is substantially 
eliminated in the homogenized material, although it is difficult to 
say how much of this is due to the change in grain size or how much 
to homogenization ; in any event, the results tend to suggest that the 
shape of the ending curve is strongly influenced by microscopic 
segregation. On the other hand, the curve for the S.A.E. 4140 steel 
(Fig. 31) is hardly influenced at all by homogenization, the only 
significant change being a slight acceleration of the end of trans- 
formation in the range 700 to 1000 degrees Fahr. (370 to 540 de- 
grees Cent.) ; the marked promontory which is the outstanding fea- 
ture of the ending curve for this steel certainly is not eliminated by 
The S.A.E. 4640 steel (Fig. 32) behaved still 
differently ; here both beginning and ending of transformation are 
somewhat accelerated by homogenization and the promontory in the 
ending curve is partially removed. The variability of these results 
indicates that further experimental study is needed before a clear 
picture of this aspect of the subject can be obtained. However, the 


homogenization. 


experiments do indicate beyond doubt that the results of homogeniz- 
ing treatments are dependent, to some extent, upon the tendency of 
the alioying elements present to form carbides and upon their rate 
of diffusion. 


MICROSTRUCTURE OF S.A.E. STEELS 


It is obviously impossible to present here an adequate discussion 
of the microstructures encountered in this investigation of the iso- 
thermal transformation of S.A.E. steels. In general, the same basic 
trends are found in these steels as in carbon steels; a series of 
lamellar structures is formed at the higher transformation tempera- 
tures, while acicular structures are formed at lower levels. In most 
of these steels, the intermediate temperature range yields structures 
which do not fit readily into the present scheme of metallographic 
nomenclature ; moreover, there are differences in the structure of 
the different steels at the same temperature level and it is in the 
intermediate temperature range that these differences seem to be 
most pronounced ; a sizable volume could be written about this aspect 
of the subject alone, without beginning to exhaust its possibilities. 

As a compromise, we have elected to show the structures en- 
countered at the different temperature levels in the S.A.E. 4140 
steel as being fairly representative of most of the S.A.E. steels in- 


vestigated. As a further limitation, we will show only the structure 
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Fig. 33—Isothermal Transformation in S.A.E. 4140 Steel About 
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Fig. 35—Isothermal Transformation in S.A.E. 4140 Stee! About 50 Per 
Cent Completed at, (a) 800 Degrees Fahr. X 1000; (b) 700 Degrees Fahr. 
x 1000; (c) 600 Degrees Fahr. x 1000. 
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obtained at each temperature level when the steel is about half trans- 
formed, since at this stage of the reaction both the mechanism of the 
transformation and the nature of the product can be most easily seen. 
These structures are shown in Figs. 33 to 35 inclusive, at a magnifica- 
tion of 1000 diameters. 

At 1350 degrees Fahr. (730 degrees Cent.) the product of 
transformation consists of chunky proeutectoid ferrite and coarse, 
lamellar pearlite. As the transformation temperature is decreased 
to 1300 and 1200 degrees Fahr. (705 and 650 degrees Cent.), the 
ferrite continues to be chunky, although decreasing somewhat in 
volume and tending to outline the austenite grain size more clearly ; 
at the same time, the pearlite becomes increasingly finer and more 
nodular as the transformation temperature is lowered. At 1100 
degrees Fahr. (595 degrees Cent.) the ferrite decreases still further 
in volume and begins to show an acicular or Widmanstatten type of 
distribution, while the rapid-etching ferrite-carbide product (pearl- 
ite?) is now practically unresolvable and even begins, itself, to show 
a slight acicular tendency. At about 1000 degrees Fahr. (540. de- 
grees Cent.) the rapid-etching product is quite acicular and, strangely 
enough, there is an unexpected increase in the volume of proeutec- 
toid ferrite (if such it be), the distribution of which is distinctly 
acicular or Widmanstatten in character. In most of the alloy steels, 
particularly those rich in the carbide-forming elements, this acicular 
ferrite (?), which we have provisionally designated as “X”, soon 
takes on a speckled appearance as though something were precipitat- 
ing in it with increased holding time at temperature; this suggests 
that it may not be proeutectoid ferrite in the ordinary sense of the 
term, but rather some form of high temperature acicular product 
(bainite) which is reluctant to precipitate its carbon until an ap- 
preciable period of time at temperature has elapsed. It is worth 
noting that these particular structure effects occur at about the same 
temperature level as the bay in the beginning curve and the promon- 
tory in the ending curve which, in turn, seem to be associated with 
the irregularity in the sequence of hardness with transformation 
temperature (Fig. 29). We are convinced that all of these phe- 
nomena are intimately related and that continued study will ultimately 
reveal both their fundamental and practical significance. 

At 900 degrees Fahr. (480 degrees Cent.) and at lower tem- 
perature levels the acicular ferrite (““X”) observed in the vicinity of 
1000 degrees Fahr. (540 degrees Cent.) disappears entirely and the 





_ _Fig. 36—Photomicrographs Illustrating Two Stages in the Isothermal Transformation 
of S.A.E. 4340 at 900 Degrees Fahr. 
x 2000. 


(a) Beginning of First Stage of Transformation. 
First Stage Further Advanced. x 2000 
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(c) Beginning of Second Stage of Transformation. 
(d) Second Stage Further Advanced. x 2000 
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transformation product becomes more rapid-etching and more acicu- 
lar in character much in accordance with the behavior of carbon 
steels. The transition zone between lamellar and acicular products 
is indicated on the isothermal transformation diagrams of the S.A.E. 
steels (Figs. 20 to 27) by a series of X’s, and for the present we 
are inclined to leave this structure unnamed until further investiga- 
tion reveals its true nature. 

One more item in connection with this transition zone and the 
microstructure formed therein may be worth mentioning before leav- 
ing the subject. It has to do particularly with the mechanism of 
transformation at temperatures just below the “shelf” in the iso- 
thermal transformation curves of steels relatively high in carbide- 
forming elements, such as the 2 per cent chromium steel (Fig. 16) 
and S.A.E. 4340 (Fig. 27). Careful observations lead us to the 
tentative conclusion that the transformation proceeds in two fairly 
distinct stages in this temperature range, in a manner somewhat 
analogous to the two-stage behavior (first ferrite, followed by 
pearlite) characteristic of higher temperature levels. The first stage 
consists of the separation of acicular or Widmanstatten type ferrite 
(“X”’) which presently undergoes some sort of precipitation reaction, 
giving it the speckled appearance; then, when this stage is com- 
pleted, the remainder of the transformation proceeds by the acicular 
process which yields a rapid-etching product similar in appearance 
to the familiar bainite of carbon steels. The photomicrographs of 
Fig. 36 illustrate these two stages in the transformation of S.A.E. 
4340 steel at 900 degrees Fahr. (480 degrees Cent.) ; photomicro- 
graphs (a) and (b) show two examples in the first stage, in which 
only speckled ferrite (““X”) appears, while photomicrographs (c) 
and (d) show two in the second stage, in which rapid-etching bainite 
is beginning to appear. This two-stage behavior is indicated on the 
isothermal transformation curves for the 2 per cent chromium and 
S.A.E. 4340 steels by a dotted line beneath the “shelf”? at 950 degrees 
Fahr. (510 degrees Cent.), representing the beginning of the second 
stage of the reaction. We suspect that a similar state of affairs 
exists in many of the alloy steels but have been unable, so far, to 
determine it with sufficient precision to warrant indicating this be- 
havior on the isothermal transformation diagrams. 


RECAPITULATION AND SOME QUESTIONS FOR THE FUTURE 


In this lecture we have attempted, first, to review briefly the 
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development and fundamental significance of isothermal transforma. 
tion curves as applied to the heat treatment of steel, and second, to 
outline the major effects of alloying elements as revealed by such 
curves. In many instances these curves proved to be so individual] 
that it is very difficult indeed to summarize the trends except in a 
quite general way. With the exception of cobalt, all of the alloy- 
ing elements investigated retard the transformation of austenite in 
the Ar’ range, provided that prior to transformation the element is 
in real solid solution; and in general, the larger the amount of any 
given element in solution, the slower is the -ate of transformation. 
The elements chromium, molybdenum and vanadium are most effec 
tive in this respect, with manganese next in order, while nickel and 
carbon exert a smaller, but appreciable, influence. Certain elements 
or combinations of elements, particularly those involving chromium 
or molybdenum, change the shape of the isothermal transformation 
curve in a most unexpected manner, giving rise to a curve which 
scarcely resembles the letter “S”. From the standpoint of both 
theory and practice, these alloy steel curves have vastly different 
implications from the now-familiar S-curve for carbon steel, and 
therefore they should point the way to new and fruitful lines of 
investigation in the alloy steel field. 

By placing the isothermal transformation diagrams of a number 
of typical alloy steels in the record at this time, it is hoped that 
greater interest in this approach to the subject will be aroused and 
that more widespread familiarity with these diagrams will result in 
clarification of some of the new questions posed by them. 

Some of these questions center around why certain elements, 
or combinations of elements, alter the shape of the curves as they 
do, and what we may hope to be able to do in the future in the way 
of selecting alloy combinations to yield specific and predictable re- 
sults. Other questions have more to do with the mode of transfor- 
mation of how the mechanism by which a given structure forms 
out of austenite may influence its physical properties. Still other 
questions deal with the relationship between isothermal and continu 
ous cooling transformation diagrams, a subject which has been merel) 
mentioned in passing, but which is of paramount importance in ap 
plying isothermal transformation data to practical heat treating prob 
lems. 

All of these questions, and many more, will occur to those who 
have been following this subject closely, and if such questions stimu- 
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late others to further experimentation along these lines, this lecture 
will have served a useful purpose. 
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A DISCUSSION OF LEADED STEELS 
F. J. Roppins AnD G. R. CasKEy 


Abstract 


This paper reports the results of physical and nia- 


chine 
steels 
steel 


tests conducted on several analyses of lead-bearing 
in an effort to estimate the value of this type of 
for industrial applications. In evaluation of the 


physical character of this class of steel, the results of 
typical physical tests are compared to the average prop- 
erties of nonleaded steels of similar base chemistry as 
found in standard references. Results of tests which 


show 


the comparative service strength of parts made from 


both leaded and nonleaded steels are reported. 
The results of machine tests have been summarized 


li a 
grade 


machine chart in which the performance of each 
of lead-bearing steel 1s compared directly with the 


similar standard grade containing no lead. In an accom- 
panying table are given suggested tool feeds to be used 
at the speeds shown in the machine chart. A detailed 


repor 


t 1s given of a machine test made on an automatic 


screw machine fabricating one part from several grades 
of leaded and nonleaded steels. 

The paper discusses some of the shortcomings of 
lead-bearing steels as observed from time to time in the 
product of production heats, indicating that these are 
being overcome by improvements in manufacturing proc- 
eSSEeS. 


The conclusion is drawn that while a considerable 


amount of work remains to be done before the exact 
character and limitations of these steels will be fully 
known, lead-bearing steels have already demonstrated 
desirable characteristics such as to merit their use for 
many industrial applications. 


HIS 


INTRODUCTION 


paper is concerned with several selected grades of steel 


conforming to standard analysis of the Society of Automotive 


Engineers 


to which has been added lead. In all cases the specifica- 


A paper presented before the Twenty-first Annual Convention of the Ameri- 


an Society 


iuthors, F. 
Bliss and I 


for Metals held in Chicago, October 23 to 27, 1939. Of the 


J. Robbins is metallurgical engineer and G. R. Caskey is metallurgist, 
aaughlin, Inc., Harvey, Ill. Manuscript received June 23, 1939. 


887 
































888 





TRANSACTIONS OF THE A. S. M. December 
tion worked to in the addition of lead is 0.15-0.30 per cent. All of 
the steels reported on here are materials which are the result of pro- 
duction practice. A great deal of work has been done in connection 
with the manufacture and application of lead-bearing steels although 
not a great deal of this has been reported on, due to the limited time 
it has been available. That information which has been reported on 
is noted in the references and will be referred to from time to time. 

The paper is in no way concerned with the hazards of manu- 
facture of lead-bearing steel. It is felt this question was answered 
in previous publications (1), (2), (4).* One of these papers discussed 
the problem of disposal of scrap which has been presented a number 
of times as of major importance. The introduction of any new 
product invariably presents problems of this type which are success- 
fully solved by those responsible, if the product has such desirable 
characteristics as to warrant its acceptance by the user. 

It is not the intention in this present effort to discuss the details 
of the manufacture of lead-bearing steels. It is felt that some 
effort now must be made to estimate the value of this type of steel 
to the user of the product in the light of the parts made from such 
steel. Further, it appears that with the great amount of data which 
has been collected some conclusion as to its comparative position 
among the other grades of steel long available can be drawn. 

It is felt that this can best be done by a comparison of engi 
neering data on lead-bearing steels with standard data of the same 
order which is available. To effect an unbiased comparison, data 
was gathered and is presented in such a way as to effect as easy 
and simple a comparison as possible with that published and con- 
sidered standard references. The steels on which the many tests 
were run have in all cases been taken from stock to prevent the 
possible accusation of special practice in manufacture. This explains 
why the sizes used for test are not uniform and not always com 
parable. 

It is recognized also that engineering data of the standard type 
does not always present an accurate and convincing picture of the 
ability of a steel to fulfill a given application. Some effort, there- 
fore, has been made to supplement this information by applying 
standard tests to parts made from both types of materials and com 
paring the data developed. 


1The figures appearing in parentheses refer to the bibliography appended to this paper. 


To summarize briefly, the information presented in this paper 
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is divided into two parts. The first part is devoted to a comparison 
of engineering data which is intended to provide as accurate an 
estimate of leaded steels as is possible at present for those interested 
solely in the technical side of such a comparison. The second part 
is devoted to a consideration of the practical aspects of the fabrica- 
tion of these steels. 

Representative grades of each of the various types of leaded | 
steel available have been selected for discussion. They cover Bes- 
semer and open-hearth screw stocks, wherein the former machin- 
ability and economy of production are the all-important factors and 
in the latter where these factors must be compromised with carbu- 
rizing quality and mechanical dependability. Included also are low 
and medium carbon types of the low sulphur steels where an im- 
provement in machinability will represent a real advantage providing 
mechanical dependability will not be sacrificed. Following is a list of 
the steels referred to by their S.A.E. numbers. If lead has been 
added the S.A.E. number will be preceded by the word “leaded” and 
the standard analysis without lead will be referred to with the S.A.E. 


prefix. 
S.A.E. X-1112 
Par. — PERS 
S.A.E. X-1335 
S.A.E. X-1015 
S.A.E. 1040 


A consideration of mechanical property development should be 
preceded by a discussion of the heat treatment of leaded steels. 
Some mention has been made of the effect of lead additions on grain 
size (1), (2). There is a definitely refining action of lead on 
McQuaid-Ehn grain size. Usually this is a localized effect in steels 
made to a coarse grain practice and is further illustrated by the fol- 
lowing photomicrographs which show the comparison of standard 
McQuaid-Ehn tests on the S.A.E. and leaded grades indicated. 
These photomicrographs were prepared to illustrate the characteristic 
modification of grain size resulting from the lead addition. Vari- 
ables were present with respect to chemistry, sample preparation, 
etc., which preclude their use as a basis for other interpretations. 

That the refining effect of lead on grain size is not uniform at 
all times is evidenced in these photomicrographs where the tendency 
toward a duplexed grain structure is observed. Steels made to a 
practice which would normally produce a coarse grain size may on 
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1—Photomicrograph of S.A.E. X-1020 Standard Mebusid Ena Test. 


. 2—Photomicrograph of Leaded X-1020 Standard McQuaid-Ehn Test. 
3—Photomicrograph of S.A.E. 1115 Standard MeQusid-Ehn Test. 
4—Photomicrograph of Leaded 1115 Standard McQuaid-Ehn Test. 
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Fig. 5—Photomicrograph of S.A.E. 1040 Standard McQuaid-Ehn Test. x 100 
Fig. 6—Photomicrograph of Leaded 1040 Standard McQuaid-Ehn Test. xX 100. 


1 
t 


the addition of lead develop a duplexed grain structure, the propor- 
tion of fine grains ranging from a few per cent upward depending 
upon the exact deoxidation practice employed. Such a condition is 
not as noticeable in those steels made to a fine-grained practice. It 
is doubtful if this duplexing or refining of the grain has any evident 
effect upon the physical nature of the heat treated part, although 
theoretically some evidence of nonuniformity of hardness develop- 
ment might be expected. Generally speaking, open-hearth screw 
stocks and low carbon low sulphur steels are made to coarse-grained 
practice. These steels when fabricated are carburized and water- 
quenched which eliminates the effect of the duplexed structure which 
would show on a less drastically quenched part. Higher carbon 
steels are usually preferred to be fine grained and while refining 
effect is evident upon McQuaid-Ehn test it is found that the heat 
treated result does not show the expected effect. An occurrence of 
some considerable importance is noted in photomacrograph, Fig. 7. 

This sample has been subjected to the noted heat treatment, 
and upon examination shows globules of lead which have oozed or 
been forced out of the piece. Probably the explanation is due to 
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__ Fig. 7—Globules of Lead on End of Piece. Pack Carburized at 1650 Degrees 
Fahr. tor 7 Hours and Cooled in Box. X 3. 


the higher coefficient of expansion of lead when compared to steel. 
This appears to be the result of lead segregation in considerably 
larger particle size than is found in leaded steels made to practice 
as noted in previous reports (1), (2). The size of voids left when 
the lead is squeezed out is a great deal larger than found in pre 
vious examinations. When made to ideal practice as found by 
experimentation lead particle size is very small, which is not the 
case in these samples from which lead is squeezed out. The parts 
illustrated were placed horizontally in the carburizing pot and very 
probably the lead particles were held in the position shown by the 
surrounding compound. Examination of a number of these samples 
shows a case beneath the lead globule and upon quenching during 
which the lead particles are lost a full hard martensitic case is devel 
oped. 
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Fig. 11—Photomacrograph of Finished Piston 
Pin Showing Lead Segregation. Identification of 
Material Scraped from Inclusion was Made by 
Chemical Analysis. 
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Lead segregation appears to be one of the greatest difficulties 
encountered in the use of this type of steel and represents one of the 
problems which has been of major concern to the steel manufacturer. 

In cases where lead segregation has been found to the detriment 
of the finished part a microscopic examination shows a condition as 
illustrated in Fig. 8. In the majority of the inclusions the presence 
of lead has been proved by methods which will be discussed in a 
paper now in preparation. At any rate this microscopic condition is 
present with segregation. 

Figs. 9 and 10 are the results of a microscopic examination oi 
material upon which no other evidence of lead segregation could be 
found. 

In Fig. 11 is shown an unusually large lead segregation which 
was encountered by grinding the finished part. The lead had segre- 
gated a few thousandths under the surface. This is, of course, 
ample reason for rejection of the part and undoubtedly can be 
traced back to the method of lead addition made in the mold. Com- 
ments have been made in this regard (1), (2) and in steels where 
such segregation occurs the recommended practice has been deviated 
from as to method of addition, size of lead shot added, temperature, 
etc. Under circumstances where such practice has been adhered to, 
the tendency of lead to segregate is minimized and the lead is found 
to be present in particles of very small size which show no voids 
upon examination after subjection to heat treatment. 


ENGINEERING Test DATA 


Table 1 shows average mechanical properties found in a typical 
heat of leaded X-1112 Bessemer screw stock as compared to those 
average properties found in S.A.E. X-1112. It is not felt any espe- 
cial significance can be assigned to a consideration of such character- 
istics of Bessemer steels principally because of the variations found 
to result from its method of manufacture. These data are presented 
merely for comparative purposes to indicate that under given condi- 
tions we need expect no essential difference in the two types of 
steel and that any application where the nonleaded Bessemer is now 
considered satisfactory will be found to possess equal character when 
made from the leaded product. 

The addition of lead to this type of steel has not been found to 
produce any beneficial effects other than the improvement in ma- 
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Table I 
Cold Drawn Bessemer %-Inch Round 













S.A.E. Leaded Average to 1% Inch 
X-1112 X-1112 Round Cold Drawn 
Tensile strength, .ounds per square inch.. 89,910 87,920 85-102,000 
Yield point, pound. per square inch ....... 85,920 85,420 75- 90,000 
SOE EO ae a 17.0 15.0 12- 20 
PNG GE GNU ~ suas ovunacswctsbuceuseus 41.9 40.4 40- 50 





EEE. nha ceucatbercedscknborkevardi el ons 207 192 170-212 








Table Il 
S.A.E. 1115 treated in %-inch Round 
All samples heid #4 hours at 1700 degrees Fahr. and given indicated treatment 













Tensile Yield 
Strength Point 
Pounds Pounds 
Per Per Elongation 
Square Square in Reduction Charpy 
Inch Inch 2Inches of Area Impact Brinel] 
Quench oil direct 66,300 42,060 31.0 63.5 40 /43 Surface | 
trom pot Center 131 
Cooled in pot 
Reheat 1625° F. 82,920 54,600 23.0 61.1 35 /36.5 Surface 146 






Quench water 

Cooled in pot 

Reheat 1625° F. 75,440 19,610 28.5 60.6 40/44 
Quench water 

Reheat 1425° F. 

Quench water 

Cooled in pot_ 83,520 55,960 21.0 §2.7 31/34 Surface 174 
Reheat 1425° F. Center 15¢ 
Quench water 


Center 14 


Surface 15¢ 
Center 14 












Table Ill 
Leaded 1115 treated in %-inch Round 
All samples held #}~ hours at 1700 degrees Fahr. and given indicated treatment 





















Tensile Yield 
Strength Point 
Pounds Pounds 
Per Per Elongation 
Square Square in Reduction Charpy 
Inch Inch 2Inches of Area Impact Brinel! 
Quench oil direct 64,240 46,810 36.0 65.9 38/40 Surface 126 
from pot Center 121 
Cooled in pot 82,680 59,440 22.0 2.3 35.5/37 Surface 163 
Reheat 1625° F Center 15¢ 
Quench water 
Cooled in pot 
Reheat 1625° F. 73,340 48,760 31.0 65.9 41/41 Surface 149 
Quench water Center 143 
Reheat 1425° F. 
Quench water 
Cooled in pot 
Reheat 1425° F. 77,180 45,160 27.0 61.1 32/32 Surface 170 
Quench water Center 14 
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Table IV 
S.A.E. X-1015 treated in 1-inch Round 
All samples held 8 hours at 1700 degrees Fahr. and given indicated treatment 





Tensile Strength Yield Point 


Pounds Per Pounds Per Elongation Reduction 

Square Inch Square Inch in 2 Inches of Area Izod 
Quench oil direct 
from pot 109,000 59,000 15.5 39.5 16 
Cooled in pot 
Reheat 1425° F. 88,000 45,000 29.0 64.4 


Quench water 

Cooled in pot 

Reheat 1625° F. 97 0 49,500 24. 
Quench water 

Cooled in pot 

Reheat 1625° F. 106,000 53,900 22.0 49.0 33 
Quench water 

Cooled in pot 

Reheat 1625° F 86,000 46,600 31 67.2 51 
Quench water 

Reheat 1425° F 

Quench water 


45.8 13 


wn 


Table V 
Leaded X-1015 treated in 1-inch Round 
All samples held 8 hours at 1700 degrees Fahr. and given indicated treatment 


Tensile Strength Yield Point 


Pounds Per Pounds Per Elongation Reduction Charpy 
Square Inch Square Inch in 2 Inches of Area Impact 
(Muench oil direct 
irom pot 119,800 64,001 16.0 38.9 20/20 
Cooled in pot 
Reheat 1425° F. 86,200 47,500 30.5 69.1 37/37 


Quench water 
Cooled in pot 
Reheat 1425° F 6,000 45,300 3.0 52.9 19/14 
(Quench water 
Cooled in pot 
Reheat 1625° F. 102,100 56,700 18.0 54.5 18/22 
Quench water (broke near 
gage mark) 
Cooled in pot 
Reheat 1625° F. 84,800 44,400 28.5 69.8 53/51 
Quench water 
Reheat 1425° F. 
Quench water 





Table VI" 
Crush test on piston pin 

NS o> O54 wk ponnekewe ete 2% inches 

NIE. ae ins ec ghan tits Sie waa ..+. 0.8135 inch 

BS he i aig eR ee at ies 0.6265 inch 

Average wall thickness ... 0.187 inch 

lest S.A.E. X-1015 Leaded X-1015 

39,070 pounds maximum load 46,410 pounds maximum load 
: 39,110 pounds maximum load 44,630 pounds maximum load 
5 39,520 pounds maximum load 44,380 pounds maximum load 


"Pins were selected from production runs in each case and came from runs at sepa- 
rate times. Samples were tested lying flat and failed suddenly into four pieces. 
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chinability which will be discussed later. Leaded Bessemer will be 
found under average conditions to be subject to the same shortcom- 
ings as the nonleaded type. Such a product has not been recom. 
mended for case hardening and applications where strength, tough- 
ness and mechanical dependability were required and the leaded 
Bessemer could not be considered to possess properties mak- 
ing it applicable on parts where such requirements are essential. 
There are large numbers of parts now made from both leaded and 
nonleaded Bessemer screw stock of both low and high sulphur con 
tent where service history indicates its success. 

In regard to open-hearth steels the situation is entirely different 
as their use is dictated by service conditions where hardenability, 
toughness and uniformity are essential. Such characteristics can be 
acquired only at the sacrifice of economy of production and ease of 
machining. The following data will show comparative properties 
under indicated conditions of leaded and nonleaded 1115 and X-1015 
all of which were given a case hardening treatment. 

It is felt that a comparison of a (controversial) relatively new 
product with data already published is more significant than the 
same kind of comparison made between special tests alone. For 
this reason mechanical property charts of leaded steels are compared 
directly to a chart of the same grade nonleaded composed of aver- 
age expectancy properties as shown in various publications available, 
(5), (6), (7). In previous papers (1), (2) a comparison of bars 
from companion ingots was reported. Such a comparison eliminates 
many of the variables which are bound to be active in effecting the 
results shown, and is doubtless of value. Usually engineers and 
designers selecting a material for use in a particular application con- 
sult reputable references for properties considered. In order to 
facilitate direct comparison, a composite chart of average properties 
drawn as noted above has been placed alongside a typical test of 
leaded steel. 

It is recognized that a criticism can be offered against this 
method in that the data on leaded steels are too limited and do not 
represent average properties which would show variables, the effect 
of which is many times considerable. A truly representative group 
of average expectancy curves cannot be presented because produc 
tion of these steels has been too limited. Further, it was mentioned 
above that these tests were made on samples picked at random from 
production lots on mill schedule and therefore do represent average 
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1939 
ae Table VIX —™ 
Crush Test on Bushings Made from S.A.E. and Leaded 1115 
ara DED Cueto as viiehernceeve 3.00 inches Sore * peer 
BE acct dense itiatiecteads 0.998 inch 
at A ae ee ong 0.811 inch 
Average wall thickness .. 0.187 inch 
est S.A.E, 1115 Leaded 1115 


25,570 pounds maximum load 
25,710 pounds maximum load 
25,380 pounds maximum load 


24,850 pounds maximum load 

24,510 pounds maximum load 

23,900 pounds maximum load 

*Heat treatment: Carburize 8 hours, cool in pot. (Drill out centers.) Reheat to 
1600 degrees Fahr. Quench in oil. Reheat to 1400 degrees Fahr. Quench into water. 
Draw 300 degrees Fahr. 


conditions as nearly as they can be had from the material available. 

It does not appear necessary to offer detailed explanation of 
these comparisons since they are plainly evident in the curves shown. 
They show that additions of small amounts of lead to these steels 
has had no adverse effect upon the development of physical charac- 
ter by heat treatment. Many individual comments have been offered 
against leaded steels, particularly the medium carbon types, claim- 
ing very poor comparative properties. Investigation shows that even 
the nonleaded steels are subject to considerable variation in result 
as reported by many sources ; this means that average results of non- 
leaded steels are generally lower than individual checks and while 
comparison of individual checks of leaded and nonleaded steels may 
be in favor of the latter, the leaded group does not show any great 
difference from average expectancy in the nonleaded. 

Table VI and VII are illustrative of comparative strengths of 
parts made from leaded and nonleaded steels. 


MACHINABILITY 


A good deal has been said about the improvement in machin- 
ability as a result of adding a small percentage of lead. Previous 
publications (1), (2) have indicated in a general way the actual 
amount of improvement and just what this has meant in dollars-sav- 
ing to the fabricator. It is felt that some effort can now be made 
to indicate this improvement quantitatively by means of a machine 
chart which will compare each grade of leaded and nonleaded steel. 
‘ig. 16 shows the relative machinability of various grades of leaded 
and nonleaded steels based on comparative machine speeds (S.F.M.), 
S.A.E. 1112 being rated 100 per cent. It must be recognized that 
improvements incorporated in the past few years have resulted in 
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Fig. 16—Machine Chart for Leaded and Nonleaded Steels. 





advancing the general machinability of all grades of steel. This 
improvement is taken into consideration by setting up S.A.E. 1112 
at 175 S.F.M. speed and basing the other grades upon this repre- 
sentative speed which experience has shown to be average expectancy. 

The chart is drawn to show the range over which speeds maj 
be varied to include the many different operations which such steels 
are expected to withstand. It is common machine practice to var) 
machine speeds and tool feeds in order to produce certain specific 
requirements of a particular job. Table VIII and [X are presented 
for consideration with Fig. 16 to show what is considered a con- 
servative estimate of tool feeds to be used with the speeds shown. 
Individual inclination seems to be a large factor in the choice of 
speeds and feeds although in some instances this choice is dictated 
by specific requirements as high accuracy, part finish, etc. 

Further examination of Fig. 16 shows that among the standard 
S.A.E. steels only two grades, S.A.E. X-1112 and 1112, can be con 
sidered as exceptionally free machining while four grades can be 
considered as free machining. The balance of those shown are in 
general nonfree machining. It is to be noted that the addition of 
lead to these grades has simply shifted the entire group upward so 
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dictated Figs. 17 and 18—Photographs Illustrating the Difference in Form of Chips Result- 
ig from Forming and Drilling Operations in Fabricating the Parts Illustrated. In 
Each Case the Chips from Drilling Are Placed on the Left Side of the Picture. Upper 
standard S.A.E. 1120. Lower—Leaded 1120. 
be con- that even the poorest of the group, S.A.E. 1045 unannealed, now 
can be talls into the free machining group and that in the exceptionally free 
n are in machining group are now found five grades. 
ition of This chart is based upon production results over a wide variety 


ward so ; of jobs and embracing all types of tooling operations. A number 
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of instances have been encountered in which various of these grades 
have been run at speeds far above the maximum shown in the chart. 
These cannot be considered standard practice or of any but indi- 
vidual interest since they occur in only a relatively few isolated 
cases. This chart is based upon a conservative estimate of a great 
number of jobs run on a production basis on all types of machines 
in many plants. 

The chart indicates that the range of speeds over which the 
various steels may be cut is wider in the leaded group than in the 
nonleaded. This probably presents an advantage to the producer 
of certain parts where special requirements in fabrication are neces 
sary. It might also tend to equalize certain limitations in equipment 
It cannot, however, be claimed to present any great advantages to 
the average user. 

Examination of the chart seems to give some credence to the 
claim that lead presents an additive influence to the increase in 
machinability afforded by sulphur. 

An unbiased examination of various data on resulphurized open- 
hearth screw stocks must lead to the conclusion that melting prac 
tice is an operative factor in good machinability. Experience indi 
cates that high silicon fully killed heats are more subject to machin 
ing troubles than are those not so fully killed containing less 
silicon and a coarser McQuaid-Ehn grain size. This situation holds 
regardless of the presence or absence of lead which is apparent; 
not a powerful enough influence to overcome other factors tending 
toward poor cutting quality in the steel prior to its introduction. A 
number of comparative checks have been taken on large production 
jobs where many different heats of the same grade were applied 
from time to time on a particular part. It was found that best 
results were obtained when adequate control was placed on melting 
practice to produce factors known to make for good machining in 
S.A.E. analyses. The same control of these factors was found to 
be necessary in manufacturing lead-bearing heats for the same jobs 

The efforts which have been made to improve machinability 
have in general illustrated that mechanical means are limited in scope 
Much more effective are melting practice and addition of some 
foreign element or elements which serve primarily to break up free 
ferrite areas thus fostering a fine and well broken up chip which 
will clear the tool effectively and prevent the generation of exces- 
sive heat. At this point, cost of such an addition becomes an opera 
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tive factor not only in regard to the cost of whatever foreign mate- 
rial may be added but extra production costs which arise as a result 
of such additions. The benefit to the user of such a product is 
dependent upon his opportunity to regain this extra cost with a 
margin of saving or gain for himself. 

A general rule which governs the selection of a so-called free 
or exceptionally free machining steel for any given job refers to the 
proportion of machine work to the gross amount of steel in the 
part. If this proportion is high the increased cost of such a steel 
can be justified and will in all but a very few instances reflect a 
calculable saving in part cost. If the proportion is low, the job will 
seldom bear an additional cost for free machining properties, if. any, 
and almost never for exceptionally free machining properties. Lead, 
of course, is governed by this rule as is sulphur. 

Other factors naturally enter into the selection of a material 
which will ultimately reduce the finished part cost to a minimum. 
Type and age of equipment, machine speeds available and tooling 
operations involved must be considered. Effort has been made to 
reduce a comparison of machinability of different types of steels to 
an index number in various ways. While this method is not to be 
underestimated, the present writer feels that too many variables 
enter into machine operation and part fabrication to permit of such 
a relationship being more than an indication of comparison. The 
theoretical aspects of machinability and an excellent practical defi- 
nition of it were discussed very ably by Knowlton (Ref. 8). 

He says “the most machinable steel is the one which will permit 
the fastest removal of the greatest amount of material (before 
resharpening the tool) with a satisfactory finish.” 

The following data is evidence of an effort to determine just 
how lead-bearing steels compare with other types of free machining 
steels available for production use in meeting this definition. 

Practical aspects of the ability of lead-bearing steels to meet 
the requirements of this definition have been discussed with machine 
operators, set-up men and others directly concerned with machine 
operation. Their comments have in many instances been very 
illuminating. The tendency seems to be a change in fabricating 
methods determined by individual requirements although in all cases 
maintenance of most satisfactory part finish seemed to be the pre- 
dominant influence. Commensurate with this, peripheral speed is 
increased or tool feeds advanced. On the newer types of equipment 
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an increase in speeds with no increase in feeds seems to be producing 
the best results. With this procedure tool life in some cases has 
shown an enormous increase—as much as 50 to 75 per cent—and 
from this has tapered down to a point actually less than when run 
at slower speeds. A measurable increase in tool life is invariably 
found when running leaded steels at feeds and speeds of nonleaded 
steels of the same grade. Further, at advanced speeds leaded Bes- 
semer screw stocks maintain their advantage over the leaded open- 
hearth screw stocks. In connection with part finish it should be 
mentioned that in the leaded steels, this characteristic is maintained 
regardless of the tool life experienced. 

Examination of tools which have worn to a point where regrind 
ing is necessary shows more of a tendency to wear rather than burn, 
showing that frictional heat is minimized due presumably to adequate 
chip clearance. These conditions seem to remain the same regardless 
of rakes and clearances. No recommendations could be made, there 
fore, for changing these angles except on open-hearth grades where 
a slight increase in back rake angle appears advisable. The finely 
broken up chip serves to make possible a smooth wall or side sur 
face with little cr no side clearance. 

A factor of considerable interest which is worthy of comment 
in all grades of steel is the “efficiency of machine operation.” This 
controls directly the net production per hour from a machine and 
any factors which lessen down time of a machine increase the per 
cent of gross parts per hour from a machine and thus raise its ef- 
ficiency. Many operators and set-up men seem to favor running 


at slower speeds with medium cuts to gain increased production and 
to lower fabricating costs by increased efficiency of operation in 
running more minutes per hour. This minimizes wear on the ma- 
chine, lowers tool cost per unit part, gives longer life on spindles, 
collets and tool slides. These factors are not capable of being cal- 
culated into actual savings, but over a period of time will mount to 
sizable proportions. One feature that looms large in the operator's 
opinion is that very fine chips eliminate the necessity of frequent 
stopping of a machine to clear away the chips which are a frequent 
cause of annoyance when the chips are long and curly. Salvage 
of the oil from chips is easier when they are well broken up. 
One feature which has been called to attention a number of 
times is the difference between leaded and nonleaded steels in 
milling and threading operations. Both operations are being inves- 
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tigated from every angle and so far no definite results have been 
brought to light. In individual instances, relief has been obtained 
by an increase in quality of lubricant and/or by the use of a good 
quality tool, tap or die. This situation is not found a general com- 
plaint and further investigation will doubtless tie it down to indi- 
vidual situations. 

Grinding of hardened parts has not shown any differences 
peculiar to lead bearing steels. Grinding of unhardened leaded 
steel has infrequently presented a problem of loading the wheels, 
making frequent dressing necessary. A slightly softer wheel has 
been found in some cases to eliminate this but is not considered as 
standard practice unless a definite problem requires solution. A 
change in lubricant has at times been found beneficial. 

From the preceding discussion it must be evident that lead- 
bearing steels do not present an economic answer to all machining 
problems nor can they be used for all types of parts. In some 
parts, such as an agitator shaft, not enough machine work is per- 
formed upon the part to justify any added cost for free machin- 
ing quality which must be paid over the entire shaft. In other 
cases part fabrication time is already so low that it cannot be cut 
more without necessitating increased labor costs for restocking the 
machine or without increased machine upkeep and repair costs. 

Table X gives the results of a machine test of four grades of 
steel, S.A.E. X-1314, 1020, X-1112 and 1115, in comparison with 
the same type analysis containing lead. The steels were all chosen 
from production heats and were not selected on any basis other than 
conformance to analysis specification. They represent, therefore, 
average production and can be expected to show average expectancy 
in fabrication. 

All the tests were run on the same machine—a Model “K’”’, 
6-spindle Cleveland. The bar size was 1%-inch round cold drawn 
and each test represented six bars. 

The section of the table entitled “Inspection” shows the quality 
of the finished part and must play an active part in the final selec- 
tion of material for the job. The effect of feeds and speeds upon 
part quality is illustrated. 

The choice of steel on the basis of these data rests upon X-1314 
leaded even though other considerations, such as grouping many 
parts into one steel grade, might influence a final selection to a cer- 
tain degree in the interests of lower quantity extras, etc. Total 
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Table XI 
Valve Disk Made from S.A.E. and Leaded X-1335 


Bar size 1%-inch round 

Part length 0.3125 inch, cut off allowance 0.190 inch plus 0.020 inch for 
Total machine length 0.5225 inch 

Steel required to make 10,000 parts 4,091 pounds. 


lacing 


S.A.E. X-1335 Leaded X-1335 
eS ee en ere ee 100 150 
ee Oe OR BI obs occdccdbuaeecnvetees 62 50 
Gross production parts per hour ............... 58 72 
Net production 80% of gross .............-..02: 46.4 57.6 
Hours to complete 10,000 parts ................ 215.5 173.6 
nn Ge OP ea, a cae ER eanéedndeandens $182.06 $184.11 
Labor cost $0.25 per machine hour ............ 53.88 43.40 
Machine overhead cost at $1.25 per hour ...... 269.37 217.00 
a nk ce MwEE i ccnukeaneerakoneeee el 4s 505.31 444.51 
SE EE OE Gib coon adh Gad cv ndeubntadedewoesukes 0.0505 0.0445 








Table XII 
Pinion Gear Made from S.A.E. X-1335 and Leaded 1040 


Bar size 2%-inch round 

Part length 1% inches with % inch cut off allowance 
Total machine length 17% inches 

Steel required to make 6000 parts 11,500 pounds. 


S.A.E. X-1335 Leaded 1040 
eS Re PO cnc cccconenscehosecets 130 160 
pe Fe rere eee 22 17 
Gross production parts per hour .............. 163.6 211.7 
Net production 80% of GroSS .....ccccccccccecs 130.8 169.4 
Hours to complete 6000 parts ...............-- 45.8 35.5 
i Cr ir i cee atilis acledaeee $463.45 $451.95 
Labor cost $0.30 per machine hour ............ 13.74 10.65 
Machine overhead cost $1.25 per hour ........ 57.25 44,38 
ee ee WE NC a dl vnwad cheawhocndeuddens 534.44 506.98 
SE Ses ED Ua bGassetsknadiwaekasgeceesebbass 0.0891 0.0845 









part cost of leaded X-1314 is less even though original steel cost 
is the greatest. Test No. 1 in this grade illustrates further that a 
lower net production of 90.4 parts per hour results in a material 
saving in tool cost per part even though the steel could be run to 
produce a net 100 parts per hour, as illustrated in Test No. 2. Most 
parts per hour does not result in the cheapest parts. 

An examination of all tests results in Table X will show that 
in each grade the leaded steel shows the best quality parts and the 
lower cost per finished part. It also shows that while the leaded 
steel can be run at excessive speeds, Tests No. 2, 8 and 12, the 
tool cost is increased a great deal at the high rate. 

Tables XI and XII present a record of production test runs 
of leaded and nonleaded steels. 
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CoNCLUSION 


An impartial examination of the data presented and a consid- 
eration of general experience with steels such as those reported on, 
to which small additions of lead have been made for improvement 
of machinability, must indicate that leaded steels merit a place in 
the group of steels now available for production purposes. This 
type of material does present an opportunity for substantial savings 
in fabrication costs without sacrifice in mechanical dependability. 

Recognizing the fact that this type of steel is relatively new, 
it is to be expected that some of the details of manufacturing pro- 
cedure have not at times been satisfactorily controlled to develop 
the best characteristics in the steel. Widening of experience will 
doubtless result in constant improvement in quality. 

Continued investigation of this material for individual use will 
result in the development of a wider field of application. 


ACKNOWLEDGMENT 


The hearty co-operation and assistance of the Technical Staff 


of Bliss and Laughlin, Incorporated, is gratefully acknowledged. 


Bibliography 


1. Nead, Sims and Harder, “Properties of Some Free-Machining Lead- 
Bearing Steels,” Metals and Alloys, March and April, 1939. 

2. F. J. Robbins, “Character and Machine Performance of Lead-Bearing 
Steels,” Jron Age, Vol. 142, November 17, 1938. 

3. Pavlish, Sullivan and Shear, “Analysis for Lead in Carbon Steel,” Metals 
and Alloys, May, 1939. 

4. E. D. Martin, “Control of Lead in the Steel Plant,” Metrat Procress, 
May, 1939. 

5. C. H. Dawe, “The Steel Physical Properties Atlas,” American Society 
for Metals, 1936. 

6. International Nickel Co., Inc., “Nickel Alloy Steels,” 1934 and Revisions. 

/. Bethlehem Carbon Steel Bars and Special Sections, Bethlehem Steel Com- 
pany, 1937. 

8. H. B. Knowlton, Symposium, “Machining of Metals,” American Society 
for Metals, 1938, Lecture II. 


DISCUSSION 


Written Discussion: By E. F. Davis, metallurgist, Warner Gear Div., 
Borg-Warner Corp., Muncie, Ind. 

We are very grateful for the privilege of commenting on the excellent 
paper on leaded steels by Messrs. Robbins and Caskey. 

It is a well known fact that the extremely fibrous types of steel are the 
poorest in machining properties, and any substance nonabrasive in character- 
istics which can be incorporated into the steel matrix is beneficial to machin- 
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ability. When steel is extremely pure and free from nonmetallics, its machip- 
ability is inferior. On the other hand, the steels which are dirty from 4 
cleanliness rating with inclusions, such as manganese sulphides and phosphides. 
are much freer in their cutting properties. 

It is obvious, therefore, that the addition of lead, being a soft weak plastic 
metal, would serve a similar purpose in breaking up the continuity of the 
ferrite. 

Lead does not enter into the phenomena of allotropic steel changes result- 
ing from heat treatment. It does not alloy with the steel and has no reactions 
with the steel. Areas surrounding a lead inclusion are not decarburized nor 
differ in structure than the unaffected areas. It elongates with the rolling and 
does not seem to change its properties. It is still lead suspended in mechanical 
diffusion. 

To attain its maximum effectiveness, it is obvious that the lead must be 
in an extremely fine particle division and evenly distributed. When this occurs 
leaded steels do, without question, improve machinability. However, much 
of this steel in the market has not even had the lead reasonably distributed 
There have been large segregates and often considerable areas where no lead 
has been present. If a machine is speeded up to show a justified economy and 
some bars have practically no lead in them, the machine produces rough work 
and much tool trouble; and the operator soon becomes sour to leaded steel 
No doubt this has been due to faulty steel-making and the source not being 
properly set up to produce it; but the buyer is the victim nevertheless. 

There is also much opposition to its manufacture by the steel industry for 
it is claimed the extra $2.00 per ton does not pay for the additional chipping 
cost and the difficulties attending the incorporation of lead. Also, there is an 
industrial health hazard common to all metallurgical operations where lead 
fumes are involved. 

Written Discussion: By W. H. Swanger, metallurgist, National Bureau 
of Standards, Washington, D. C. 

The factual data on physical properties and machinability of leaded steels 
presented in this paper constitute a welcome addition to the published litera 
ture on the subject. This paper, and previous ones cited by the authors, have 
shown the improvement in machinability that may be secured by additions of 
lead to steels. The form in which the lead is present in steel has not been 
positively identified in these papers, however, and consequently the mechanism 
by which the observed improvements are obtained has not been explained. 

Earlier discussions on the distribution of lead in steels postulated a sub 
microscopic state of division or “emulsification” of the lead to account for 
the lead that was believed not to be visible in the microstructure. This postu 
late appears to be incompatible with the observed lack of significant changes 
in physical properties, other than machinability. If the breaking-up of the 
chips, Fig. 18, resulted from submicroscopic dispersion of lead, it would be 
expected that the brittleness shown in these chips would be reflected in low 
ered ductility and impact strength of leaded steels, a result not found by the 
authors. Formation of an insoluble constituent in a state of submicroscopic 
division is considered the basis of the age-hardening process. Some effect, 


waa ac ie on 2S sta ea 








December 


, its machip- 
irty from a 
| phosphides. 


weak plastic 
luity of the 


inges result- 
no reactions 
burized nor 
rolling and 
mechanica! 


ad must be 
this occurs 
ever, much 
distributed 
ere no lead 
‘onomy and 
‘ough work 
eaded stee! 
- not being 
Ss. 

ndustry for 
al chipping 
there is an 
where lead 


nal Bureau 


aded steels 
hed litera- 
hors, have 
iditions of 
; not been 
mechanism 
ined. 

ed a sub 
‘count for 
his postu- 
it changes 
1p of the 
would be 
d in low- 
1d by the 
icroscopic 
ne effect, 









1939 DISCUSSION—LEADED STEELS 917 
either a strengthening or a weakening, would be expected from a similar dis- 
tribution of insoluble lead in steel. 

The authors apparently do npt subscribe to the postulated submicroscopic 
distribution of lead, as it is not mentioned in the paper. Their micrographs, 
Figs. 8, 9 and 10, show that at least some of the lead is associated with the 
sulphide inclusions normally found in steels of this type, without lead. The 
chart, Fig. 16, shows that the greatest improvement in machinability is se- 
cured in the steels classed as free machining without lead. If the improvement 
in machinability were the result of submicroscopic division of the lead, the 
improvement should be of approximately the same magnitude in all steels. 

It is possible, therefore, that the lead, through association with the sul- 
phide inclusions, increases the effects of the latter in providing free machining 
qualities. If this association involves formation of lead sulphide, it is to be 
noted that it would require slightly less than 0.04 per cent sulphur to combine 
with the usual 0.25 per cent lead in the leaded steels. 

The further discussion of the distribution of lead in steels, mentioned by 
the authors as now in preparation, is awaited with interest. 

Written Discussion: By W. E. Bancroft, metallurgist, Pratt & Whit- 
ney Division, Niles-Bement-Pond Co., Hartford, Conn. 

In this paper the authors have presented a satisfactory amount of data 
and evidence on the behavior of lead-bearing steels which serves to place in- 
creased emphasis on the importance of this material to the metal working 
industry. 

It is evident that lead-bearing steels when properly manufactured can 
be relied upon to lower manufacturing costs on certain jobs without any sacri- 
fice in quality. I believe it also might have been shown that in other cases 
an improvement in physical properties could be obtained with fo sacrifice in 
manufacturing cost. For instance, I believe the addition of lead to S.A.E. 
1112 steel will not lower the physical properties, especially the ductility, as 
much as will the addition of extra amounts of sulphur, and since the authors’ 
machine chart shows leaded S.A.E. 1112 steel to be comparable to X1112 in 
machinability a substitution of lead for sulphur here will result in improved 
properties with a maintenance of very excellent machinability, and no addi- 
tional cost. 

In the matter of inclusions, Fig. 7 showing the globules of lead squeezed 
out during carburizing, presents an interesting study. The authors state that 
these are unusually large segregations resulting from poor mill practice, and 
that properly melted steel will contain such small finely divided particles of 
lead that this condition will not take place. It would be interesting to know 
whether it is possible to determine by means of some simple test applied to 
the raw bars whether or not inclusions large enough to be harmful are pres- 
ent. For instance, would the macro etch test distinguish harmful segregations 
of lead, or if the microscope is used can lead be distinguished from sul- 
phides or other types of inclusions? 

The comments on the type of chips formed in leaded steels are interesting 
and important. In most open types of machining the small, well-broken-up 
chips are undoubtedly an advantage as the authors state, but in tapping I 
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believe a different condition exists. We know of two or three actual cases 
where tapping difficulty in leaded steels was overcome by changing the de- 
sign of taps so as to prevent the small, finely-divided chips from loading and 
causing binding. 

We also know of some work which is being done on the thread milling of 
unhardened lead screws made of leaded S.A.E. X1335 steel. This work is 
still quite experimental and has not yet proceeded far enough to be conclusive. 
However, the evidence so far obtained indicates that leaded X1335 can be 
substituted for S.A.E. X1320 steel with no sacrifice in machinability. While 
the maximum in feeds and speeds has not yet been reached the results so far 
show that surface finish and cutter life are about equal, and distortion during 
machining which is one of the big problems in this operation is no worse 
with leaded X1335, provided the steel has been properly processed in the bar 
form. This will be another case where improvement in strength and wear 
resistance can be obtained with the only increase in cost being the differential 
in the price of these two steels. 

Written Discussion: By Thomas J. Dolan, assistant professor of theo- 
retical and applied mechanics, University of Illinois, Urbana, III. 

The authors are to be commended for their frank discussion of the relative 
machinability and physical properties of leaded and nonleaded steels. 

Along with the need for free-machining, low-carbon steels such as screw 
stock has come the development of many products which are subjected to 
severe service conditions that create a demand for increased strength of mate- 
rials. Thus there is a definite need for a steel of greater carbon content than 
the commonly used screw stocks, but which can be readily machined, and 
which can be heat treated to obtain high strength or hardness without the 
necessity of case carburizing. Most of the data included in the paper deal with 
the relatively low-carbon, free-machining steels. 

Many of the data available on leaded steels indicate that perhaps medium 
carbon or alloy steels containing lead might be substituted for some of the 
commonly used screw stocks without materially changing the machinability, 
and with a marked increase in the strength of the finished part. This obser- 
vation is in line with the trend of the data shown in Fig. 16 of the paper. 

The writer has supervised a series of tests in which the ordinary static, 
repeated load, and Charpy impact physical properties of a leaded S.A.E. 1045 
steel were determined, and a measure of the relative machinability was ob- 
tained. A comparison of a few of the results with the authors’ data for the 
same steel may be of interest. 

The following table of physical properties obtained for the leaded S.A.E 
1045 steel quenched in oil from 1520 degrees Fahr. and tempered at 650 
degrees Fahr. is of interest in comparison with the authors’ Fig. 12: 
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These values compare closely with the authors’ curves for water-quenched 
steel, tempered at 1000 degrees Fahr., except for the reduction of area, which 
was approximately 54 per cent in the authors’ data. Perhaps the differences 
in type of heat treatment may account for this discrepancy in the two values. 

One item worthy of further study is the relative notch sensitivity of 
leaded steels when subjected to a service condition involving repeated stresses. 
Flexural fatigue tests of cylindrical specimens 0.40-inch diameter, with a small 
transverse drilled hole of 0.04-inch diameter in the test section, gave an endur- 
ance limit of only 20,000 pounds per square inch. Thus the factor of stress con- 
centration (ratio of the endurance limit of the specimen without abrupt change 
of section to that of the specimen with a hole) was 3.15. This factor gives a 
measure of the relative notch sensitivity of the steel, and the value of 3.15 
is somewhat higher than the values commonly obtained for many of the non- 
leaded steels. However, more data must be obtained before any general con- 
clusions can be drawn. It would be desirable if the authors could add further 
information on fatigue strength and notch sensitivity. 

The term machinability is a relative one and may mean any or all of 
a variety of qualities or properties such as relative tool life, type of chip formed 
in cutting, time required to perform a given cutting operation, smoothness of 
surface finish, etc. No single test has ever been devised which will include 
the many variables involved and give a complete index of the machinability of 
a steel. The writer’s laboratory tests to determine relative machinability of 
leaded steel, as compared with that of several other metals, were conducted 
by drilling ™%-inch holes and observing simultaneous values of torque and 
thrust on the drill by means of dynamometer readings. The average horse- 
power required to drill the %-inch hole was computed, and the relative ma- 
chinability was based on this horsepower requirement. 

It was found that for two different drilling speeds the leaded S.A.E. 
1045 steel, when quenched and tempered, required less power for drilling than 
did several other steels (S.A.E. 3140 and S.A.E. 2345) of about the same 
strength and hardness. A nonleaded carbon steel of nearly the same chemical 
composition but of lower strength and hardness required considerably more 
power than the leaded 1045. The cold drawn leaded steel showed very nearly 
the same power requirement as the screw stock material S.A.E. X1112. These 
observations are in agreement with the authors’ Fig. 16, and suggest that lead- 
containing steels might be commercially machinable at higher strength and 
hardness levels than some of the lead-free steels. While these horsepower 
requirements for drilling do not give an infallible index of relative machin- 
ability, they do yield additional information on another phase of the problem, 
and the test results indicated that the addition of lead to S.A.E. 1045 steel 
produced a definite improvement in the relative machinability without mate- 
rially impairing the other physical properties of the steel. 


Oral Discussion 


J. W. Hatitey:*? This paper is a valuable contribution to the rapidly 
growing literature on leaded steels. 





1Metallurgist, Inland Steel Co., Chicago. 
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The machinability data is particularly worthwhile because the authors have 
had the opportunity to follow performance in a large number of production 
shops and their conclusions therefore show what the average operator can 
expect. Their “Machine Chart” will be of interest to everyone concerned with 
the cutting of steel. 

At Inland we have made a large number of comparison tests of physica! 
properties on steel from adjacent ingots, one with lead and one without. These 
tests have all shown no appreciable difference in properties resulting from the 
lead addition. The authors’ tests on average production material lead to the 
same conclusion. 

The two examples of aggregate of lead given in the paper may give the 
impression that this condition is very common. Unfortunately infrequent cases 
have appeared in the past and it required some time to determine the factors 
causing bad lead distribution. At the present these factors are well understood 
and it is not a difficult matter to completely avoid aggregates of lead. 

Gorpon WILLIAMsS:’ In connection with the effect on the physical prop- 
erties from the lead addition I would like to ask whether any work has been 
done regarding the transverse properties. We know that in wrought steels 
with high sulphur content, longitudinal properties may still be excellent but 
transverse properties damaged, but it has seemed likely to me that that is the 
mechanism by which we attain greater machinability; th * §3, by greater brit- 
tleness in the transverse direction. We know of cours at high sulphur or 
high phosphorus in a cast steel results in over-all brittlenes;, and in the wrought 
steel the damage is only transverse. 






















I wonder whether the authors or anyone else have any data as to effect on 
transverse impact and ductility caused by the lead additions to a normal low 
sulphur and low phosphorus S.A.E. steel. 


Authors’ Reply 


The authors wish to express their appreciation of the interest shown by 
the discussers of this paper and the constructive comments which they have 
presented. Since leaded steels are a comparatively recent development, any 
contributions as to their character and behavior are of definite interest and 
value. 

As Mr. Davis points out, the maximum effectiveness of lead in improving 
machinability is not realized if its distribution is not satisfactory, lead segrega 
tion being objectionable from this viewpoint as well as for its detrimental 
effect on part character, as noted in our paper. The manufacturers of leaded 
steels recognized these facts and have devoted much time and effort to develop- 
ing satisfactory methods of production control to produce a consistently satis 
factory product. Mr. Halley in his discussion indicates that these efforts have 
been fruitful and that satisfactory methods of controlling lead distribution have 
been developed. Based on our own experience in recent months, a general im 
provement in control of this and other factors affecting the character of leaded 
steels has been evidenced. 






2Metallurgist, testing and research laboratories, Deere & Co., Moline, Ill. 
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While some steel producers have indicated that the present extra charge 
made for leaded steels does not adequately cover the added manufacturing costs, 
there is good reason to believe that with increased experience in producing these 
erades and an increased volume of production, the manufacturing costs will be 
lowered. When the idea of making a 0.20 to 0.30 sulphur Bessemer steel was 
first broached to the hot mills, many said that a material of this type could 
Yet, today, all mills making 
Bessemer steels are producing S.A.E. X1112 at a price which makes it attrac- 
tive to the consumer. 

While an industrial health hazard is present in the manufacture of leaded 
steels and in certain fabricating operations as welding where the steel is 
exposed to sufficiently high temperatures as to oxidize the lead, there is no 
such hazard present in the majority of uses to which this type of material is 


not be economically and successfully rolled. 


put by the consuming trade. 

The subject brought up by Mr. Swanger, relative to the mechanism by 
which lead improves machinability, was purposely omitted from this paper as 
foreign to its immediate purpose which was to evaluate the merits of leaded 
steels for industrial applications. Based on our present knowledge, this is 
still a rather controversial subject, perhaps not yet entirely explainable in the 
light of current theories regarding attendant metallurgical phenomena. 

There is evidence that lead does associate itself with manganese sulphide 
although probably not in chemical combination with it but rather as metallic 
lead (Reference 1). In view of the observed additive influence of lead to 
increase the machinability afforded by sulphur, it is possible that further re- 
search along this line may assist in the development of a satisfactory explana- 
tion of the means by which lead improves machinability. 

Mr. Bancroft presents some interesting observations on the, economics of 
the industrial application of leaded steels from the viewpoint of the steel 
Leaded steels offer great possibilities in improvement of product 
quality without sacrifice in production. 


consumer. 
Bessemer screw stock may be replaced 
by leaded open-hearth screw stock giving parts of increased toughness without 
decreasing the rate at which the parts are produced. Likewise, leaded plain 
carbon steels as S.A.E. X1020, 1040, etc., may be used as a means of improy- 
ing production of parts for which the use of resulphurized steel is considered 
hazardous. 

For the purpose of determining the presence of harmful lead segregation, 
a sweat test has been found to be generally satisfactory. In this test, a 
ground section of the material is heated at about 950 degrees Fahr. (above 
the melting point of lead) preferably in a nonoxidizing atmosphere. The 
presence of heavy lead segregation will be evidenced by the appearance of 
numerous heavy lead beads on the surface. 

We have not been able to definitely identify lead under microscopic 
examination except when present in large segregates. This is due to the 
lact that an entirely satisfactory and reliable etchant has not yet been developed. 
Several etchants have been tried which will indicate the presence of lead but 
hese do not show the distribution or size of the lead particles. One such 
etchant is a freshly mixed solution of NaCrQO, in glacial acetic acid, alcohol 


ind water. The lead is evidenced by bright yellow lead chromate stains. 
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Admittedly, the finely broken chip characteristics of the screw stock 
grades of leaded steels particularly, while an attraction in the majority of screy 
machine operations, are actually undesirable for others. In addition to tapping 
deep drilling and some threading operations might be noted. Fortunately, jy 
many instances, a change in tool grind or in the cycle of operation will correct 
the difficulty and permit the use of the leaded steel with the economies which 
it offers on the other machine operations on the part being produced. 

The comments which Mr. Dolan makes relative to the possibilities 0; 
using leaded steels of higher carbon content and strength to meet conditions 
of service exposure of increasing severity, call attention to a field of applica- 
tion which while not stressed in this paper has been of vital interest to many 
steel users. 





























In many instances, medium carbon leaded steels are being used 
to replace ‘ow carbon screw stocks to insure more serviceable parts and yet 
without any increase in production costs. 

We are especially interested in the test data which Mr. Dolan presents 
The difference in the type of heat treatment used together with a probabk 
variation in the hardenability characteristics of the materials involved in ten- 
sile tests made by the authors and by Mr. Dolan offer a very possible explana 
tion in the discrepancy in values obtained for reduction of area. 

In view of the fact that the authors have not had the opportunity of in- 
vestigating the relative notch sensitivity of leaded steels, the information give: 
in this connection is welcomed. We trust that Mr. Dolan and others whi 
may be investigating this steel characteristic will be in a position to make 
their findings generally available as a contribution to the published literatur 
on leaded steels. 

In answer to the question which Mr. Williams raises as to the transverse 
properties of leaded steels, it might be stated that while some transverse ten- 
sile tests have been made, the information so far developed is not sufficiently 
detailed as to warrant publication. However, referring to Tables VI and VII, 
it will be noted that the tests reported therein do offer some information as 
to the influence of lead on transverse properties. In these crush tests of pis- 
ton pin and of bushing, the pins (or bushings) were laid flat on the tabl 
of the testing machine and a compression load applied. The stresses thus in- 
duced were all normal to the direction of the fibers in the material. 
any adverse influence of 


Thus, 





lead on the transverse properties of the material 
should be evidenced by a lower crush strength of the part. This was not, 
however, the case. We have a report of a similar test conducted on heat treated 
bearing bushings made from leaded 1040 and S.A.E. 1040 steels. In this 
test, a bearing made of leaded 1040 steel was placed on top of a bearing mad 
from the S.A.E. 1040 with their axes at right angles. In no case was the part 
made from the leaded steel found inferior in physical properties. In a sense, 
we consider this form of test a more reliable indication of the influence of lead 
on transverse properties than transverse tensile or impact tests, which are 
markedly influenced by center segregation and other variable factors not as- 


sociated with the presence or absence of lead. 
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THE PREVENTION OF FLAKES BY HOLDING RAILROAD 
RAILS AT VARIOUS CONSTANT TEMPERATURES 


By R. E. CRAMER AND E. C. Bast 


Abstract 


This paper discusses the importance of preventing 
flakes in steel and the suggestion offered that some rolled 
or forged products may still contain flakes. Literature on 
flakes appearing during the past year is reviewed. 
Experiments were performed to determine the length 
of time necessary to hold specimens of 131-pound rails at 
temperatures of 1100, 900, 700, and 500 degrees Fahr. 
(595, 480, 370, and 260 degrees Cent.) in order to pre- 
vent the formation of flakes in rails rolled from hydrogen- 
treated ingots. A brief discussion is given of the possible 
mechanism and causes of flake formation. Conclusions are 
drawn concerning the experiment. 


THE IMPORTANCE OF FLAKE PREVENTION 


ie much has been written about flakes that it would seem that a 
good reason must be offered for another contribution on the 
subject. That reason might be found in the statement that only 
within the last four years have flakes been eliminated from railroad 
rails and rolled steel car wheels which will save the railroads and 
steel manufacturers a large amount of money per year in the future. 
It is quite probable that other rolled or forged products still contain 
flakes which occasionally cause failures and the true cause of which 
is not recognized as yet. The writers have in mind in particular 
forged products, especia) y drop forgings, made from billets con- 
taining flakes, where the forging operation does not completely re- 
weld all the flakes in the billets. Any product containing the in- 
ternal cracks known as flakes, put into severe service, is subject to 
internal fatigue failures or sudden rupture starting from the high 
concentration of stress at the edges of the flakes. With the accumu- 


A paper presented before the Twenty-first Annual Convention of the Soci- 
ety held in Chicago, October 23 to 27, 1939. Of the authors, R. E. Cramer is 
special research assistant professor in engineering materials, and E. C. Bast 
is test assistant, Engineering Experiment Station, University of Illinois, Urbana, 
[llinois. Manuscript received June 26, 1939. 
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lated knowledge now at hand on methods of preventing flakes 
there can be no reason for any product containing flakes except that 
their presence has not been suspected or no investigation has been 
made and consequently no precautions have been taken to prevent 
their formation. 

In two previous papers (10, 11)* the writers have given selected 
bibliographies on the subject of flakes and hydrogen in steel. In 
a review of the literature it is necessary to include hydrogen in stee| 
because of the influence of hydrogen in causing flakes as mentioned 
later in this paper. During the past year six papers on flakes have 
come to the writers’ attention and a larger number on hydrogen in 
steel. Only a few of the latter give information directly related 
to the subject of flakes. The tendency of recent research has been 
to study the effects of melting practice on the absorption of hydro- 
gen and on the production of flakes. 

In an editorial abstract (1) in Metat Procress information 
is given on the effect of hydrogen in producing flakes in 2000 heats 
of ball bearing steel, indicating that a prolonged refining time in- 
creased the number of flakes. Kuba (2) lists five causes of flakes 
and five methods of avoiding flakes in the melting practice. Chuiko 
and Lvova (3) state that flake content increases with the humidity 
of the air, being particularly affected by rain. They also give in- 
formation on the effect of moisture content of the lime. Matsuyama, 
Sasakawa and Iki (4) state that flakes are formed not only by 
hydrogen but by thermal and transformation stresses and point out 
the effect of chemical composition on the formation of flakes. 
Sinitsyn (5) gives information on “Flakes in Railroad Tires” and 
a method of preventing them by holding for several hours at a stress 
relieving temperature. Ignatou (12) describes methods of mini- 
mizing flakes and methods of testing for flakes. 

Schwarz (6) discusses the sources of hydrogen in molten steel 
and methods of preventing hydrogen absorption during open-hearth 
melting. Widemann (7) concludes that the hydrogen atoms occupy 
the empty spaces in incomplete atomic lattices. Moressee (8) gives 
analytical data on the amount of hydrogen given off during pour- 
ing and also the percentage remaining in four grades of steel after 
solidification. Bamford (9) describes the mechanista by which 
hydrogen builds up internal pressures and produces flakes in steel. 


1The figures appearing in parentheses refer to the bibliography appended to this paper 
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EXPERIMENTAL PROCEDURE 


The experiments herein reported were planned to determine 
the lengths of time necessary to hold 131-pound rails at tempera- 
tures of 1100, 900, 700 and 500 degrees Fahr. (595, 480, 370 and 
260 degrees Cent.) to prevent the formation of flakes, or shatter 
cracks. The term shatter crack has been used generally to desig- 
nate flakes in railroad rails but because of the more general usage, 
flakes will be used in this paper. The chemical analysis of the four 
heats of open-hearth rail steel used are listed in Table I. All ingots 
from which the rails were rolled were treated with hydrogen by a 
process previously described (11) to insure that the steel would 
have a strong tendency to develop flakes. This treatment produced 
many flakes in the air-cooled or “control specimens” as shown in 
Table IT. 
treated with hydrogen and the second ingots held in the soaking 


In two cases two ingots of the same heat of steel were 


pits at temperatures above the critical range for 9 and 20 hours, 
respectively, before rolling. This holding of the ingots apparently 
reduced the number of flakes in the “control specimens” about 25 
per cent. 

When the hydrogen-treated ingots were rolled into 13l-pound 
rails, 7 to 9 specimens, two feet in length, were cut from the middle 
rail of the ingot at the hot saws. The specimens were marked with 
two numbers, the first designating the number of the test or heat. 


Table I 
Chemical Analysis of the Four Heats of Rail Steel Used in Tests 





Holding 

lest Temperature ————_Chemical Analysis—Per Cent ——_—_—_—, 
Run Degrees Fabr. : Mn P S Si 
1100 0.78 0.87 0.015 0.022 0.20 
8 900 0.78 0.87 0.015 0.022 0.20 
14 900 0.78 0.90 0.013 0.029 0.23 
10 700 0.75 0.92 0.018 0.031 0.21 
13 700 0.78 0.90 0.013 0.029 0.23 
12 500 0.77 0.91 0.014 0.024 0.22 


The 
the length of time it was held in the furnace, i. e., No. 0 was cooled 
in air, No. 1 was held 1 hour in the furnace, etc. One specimen, 
No. 0, from each ingot was cooled in air outside the mill building, 


second number designates the specimen from that ingot and 
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as a “control specimen” to determine the tendency of that rail to 
develop flakes. The remaining specimens were cooled on the mill 
floor to about 25 degrees above the desired holding temperature 
and then transferred to a gas-fired furnace heated to that temper- 
ature. The temperature of the cooling specimens was determined 
by clamping a thermocouple on one of the specimens. The furnace 
was held at constant temperature throughout each test and after | 
hour specimen No. 1 was removed from the furnace and cooled in 
air outside the mill. After 2 hours specimen No. 2 was taken out, 
etc., until all specimens were removed. Duplicate tests were made 
at temperatures of 900 and 700 degrees Fahr. (480 and 370 degrees 
Cent.) and only one test was made at 1100 and 500 degrees Fahr. 
(595 and 260 degrees Cent.). 
























RESULTS OF EtcH TESTS oF SPECIMENS 


The results of etch tests of all specimens held for various 
lengths of time at four temperatures are given in Table II. The 
method of etch testing for flakes consisted of sawing a 6-inch length 
of the head of each rail into three longitudinal slices. These slices 
were etched about 1 hour in a 50 per cent solution of hot hydrochloric 
acid and then immersed % hour in a hot 10 per cent solution of 
sodium pyrophosphate to prevent corrosion. The numbers of longi- 
tudinal (L) and transverse (T) flakes were counted on one side 
of the slice containing the most flakes. Fig. 1 shows a typical etched 
slice. 












































[It will be noted from Table II that flakes were prevented by 
holding specimens 3 hours at 1100 degrees Fahr. (595 degrees 
Cent.) ; 4 hours at 900 degrees Fahr. (480 degrees Cent.) ; 4 hours 
at 700 degrees Fahr. (370 degrees Cent.) ; and 5 hours at 500 de- 
grees Fahr. (260 degrees Cent.). There is a difference of 1 hour 
between Test 8 and Test 14 held at 900 degrees Fahr. (480 de- 
grees Cent.) which is explained by the less tendency for the rails 
of Test 14 to develop flakes, as indicated by the number of flakes 
in the air-cooled or “control specimens.” The effectiveness of the 
hydrogen treatment of the molten steel in producing flakes is shown 
by the large number of flakes in all air-cooled specimens. The 
writers are informed that the above tests are in substantial agree- 
ment with results to be published soon by H. B. Wishart and A. N 
Swanson on rails of 112-pound section. 
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Fig. 1—Typical Etched Slice from R 


X 1. Specimen Not Etched as De 
Gives More Detail of the Flakes. 
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Etched, 


ail Head Showing Many Flakes. 
Those Usually Photographed but 
Hot 5 Per Cent HCl. 
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Table Il 


Results of Etch Tests of Specimens Held for Various Lengths of Time at 
Four Different Temperatures 


























































































. , Length of Time tNumber of Flakes on 
Specimen No. Constant Furnace in Furnace One Side of 6-Inch Slice 
Test 1 Test 2 Temperature Hours Test 1 Test 2 
9-—0* bis Control Spec. 0 105 L, 45 T 
9-1 ‘aah 1100° F. 1 65 L, 24 T 
9-2 cee 1100° F. 2 5 L, 
9-3 sive 1100° F. 3 0 
9-4 ates 1100° F. 4 0 
9-5 as 1100° F. 5 0 
9-6 1100° F. 6 0 
8-—0* 14—0* Control Spec. 0 160 L, 44 T 87 L, 187 
s-1 14-1 900° F. 1 86 L, 14 T 26 L, I 
8-2 14—2 900° F. 2 he Oe 8 L, 
8-3 14-3 900° F. 3 ye 20 0 
8-4 14-4 900° F. 4 0 0 
8-5 14-5 900° F. 5 0 0 
8-6 14—6 900° F. 6 0 0 
10-0* 13-0* Control Spec. 0 116 L, 19 T 1318. L, 211 
16-1 13-1 700° F. 1 ssSL, 8sT 94L, 10 T 
10-2 13-2 700° F. 2 14 L, 29 I lt 
10-3 13-3 700° F. 3 iL, 4L, 
10—4 13-4 700° F. 4 0 0 
10-5 13—5 700° F. 5 0 0 
10-6 13-6 700° F. 6 0 0 
10-7 13-7 700° F. 7 0 0 
12-0* Control Spec. 0 139 L, 46 T 
12-1 500° F. l 138 L, 57 T 
12-2 500° F. 2 52L, 28T 
12-3 500° F. 3 44L, 5T 
12-4 500° F. 4 10L, 1T 
12 -5 500° F. 5 0 
12-6 590° F. 6 0 
12-7 500° F. 7 0 
12-8 500° F. 8 0 

















*Control specimen cooled in air outside the mill. 
7Flakes are recorded as the number of Longitudinal (L) or Transverse (T) flakes 
one side of a longitudinal slice 6 inches long. 






















THe MECHANISM AND CAUSES OF FLAKE FORMATION 


Many theories have been advanced as to the causes of flakes 
and the method by which flakes are developed in steel. The follow- 
ing explanation seems to the writers to agree with most of the printed 
information. Flakes form in certain heats of high carbon and alloy 
steels which are finished in bars or billets of rather heavy cross sec 
tion and allowed to cool to room temperature in a few hours. The 
flakes slowly begin to develop at temperatures between 300 and 100 
degrees Fahr., depending on the amount of hydrogen present in the 
steel and on the size and rate of cooling of the piece. Some pieces 
do not develop flakes until cooled to room temperature for severa! 
hours and the flakes may not reach their maximum size in any piece 
until several hours after reaching room temperature. 
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Among the primary causes of the development of internal cracks 
in steel is the natural shrinkage of all steel during cooling. The 
outside shell of a piece cools somewhat faster than the center portion 
ao thus taking a size and shape which it attempts to keep and at the same 
h Slice | time the strength of the outside layer of steel increases faster than 
the steel in the center of the piece. As the center of the piece tends to 
shrink away from the outside shell during the final cooling, stresses 
are developed in the center of the piece. Ordinarily these stresses 
are not great enough to crack the steel but in certain heats some addi- 





L, 18T tional stress arises which produces cracks. This additional stress, or 
_ the second cause of flakes, seems to be internal pressure built up by 
0 atomic hydrogen coming out of solution in the steel and collecting as 
0 molecular hydrogen in small voids or at points of weakness such as 
L, 211 at the surface of inclusions. It is known that the atomic hydrogen 
. qt atom is small enough to diffuse through the steel lattice, while after 
"b two atoms of atomic hydrogen form a hydrogen molecule, the latter 
0 is considered to be too large to diffuse through the steel. Theoretical 
, calculations have indicated that very high stresses could be developed 
in this manner. Therefore the combination of cooling stresses and 
internal pressure seems to be a sufficient explanation of flake forma- 
tion. 
This mechanism of flake formation offers some explanation of 
why flakes do not form within one-half inch or more of the surface 
a eae of the piece. It also explains why slow, gradual cooling, or holding 
for a period of time at a constant temperature, allows enough of the 
hydrogen to escape through the surface of the piece or relieves inter- 
i nal stresses to such an extent that cracks are not produced in the 
ON j final cooling in air. 
of flakes 
CONCLUSION 
ie follow- 
1e printed 4 The following conclusion can be made as a result of the expert- 
and alloy 4 ment. For the 131-pound rails used in these tests the formation of 
‘TOSS sec : flakes was prevented by holding the specimens 3 hours at 1100 
irs. The ; degrees Fahr. (595 degrees Cent.) ; 4 hours at 900 and 700 degrees 
and 100 Fahr. (480 and 370 degrees Cent.) ; and 5 hours at 500 degrees Fahr. 
nt in the ; (260 degrees Cent.). 
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American Railroads—Rail Committee, Mr. J. V. Neubert, Chair- 
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fessors H. F. Moore and H. R. Thomas of the staff of the Engineer- 
ing Experiment Station of the University of Illinois. The generous 
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the specimens. 
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DISCUSSION 


Written Discussion: By E. V. Crane, E. W. Bliss Co., Brooklyn, N. Y. 

The authors’ clear and interesting discussion of the theory regarding the 
freeing of atomic hydrogen from solution in the crystal structure and its com- 
bination into molecular hydrogen with attendant development of internal pres- 
sure would seem to the writer to apply to, and to clarify, explanation of the 
season cracking of brass as in drawn cartridge cases.and occasionally similar 
cracking of stainless steel in the walls of severely drawrm shells. 

Written Discussion: By C. E. Sims, supervising metallurgist, and C. A. 
Zapfte, research associate, Battelle Memorial Institute, Columbus, Ohio. 

Research of the present type, to obtain quantitative data, is much needed, 
for in view of the inherent differences in hydrogen content, internal structure 
and effective chemical forces of other impurities in steel, it is probable that each 
type of steel and each shape and size of product may require a modified heat 
treatment for dissociation, re-solution and expulsion of occluded hydrogen. This 
contention is borne out by the researches of Korber and Mehovar (1)* on rail 
steels, who found that various steel-making processes, analyses and ingot sec- 
tions responded variously to heat treatment. 

Our own investigations (2, 3), however, have led us to place a different 
order of importance on the various suggested causes of flakes and shatter 
cracks than the authors of this paper. . Hydrogen easily assumes the position 
of major importance with the others as minor contributors at best. 

Metallurgists have been surprisingly slow in accepting hydrogen as a most 
deleterious element in steel, in spite of the fact that countless experiments and 
practical observations alike have demonstrated that the strongest steel is amena- 
ble to defects caused by this gas (2). It seems that there has beén an unneces- 
sary amount of apologizing by writers who find that hydrogen actually does 
cause flakes, shatter cracks, blisters, spots and similar defects in steel, and as 
a result many still believe the theory that cooling stresses are largely responsi- 
ble for flaking. True, cooling stresses may aid in fissuring, but as a primary 
factor they have been conclusively disqualified (4, 5, 6). 
at all necessary for fissuring. 

On the other hand, externally applied stresses often provide the “last 
straw” to actually initiate fissuring in a steel under stress from hydrogen. The 
accompanying photograph of a broken tensile bar shows an unusual case of 
flaking. Hydrogen absorbed during an ordinary arc welding procedure has 
precipitated in discontinuities which, in this particular case, are visible holes, 
and the radial cracks around these holes can be due to no other cause than 
the aerostatic stress caused by hydrogen. When the metal ruptured internally 
to the extent indicated by the surrounding circular area of fine crystals, the 
pressure of the gas was reduced, tearing stopped and a flake remained. In 
this case the pressure of the hydrogen was not enough to rupture the steel 
without aid. When sufficient external stress was applied the flakes formed in 
a plane perpendicular to the direction of that stress. 


Nor is their presence 


The tremendous total pressures of hydrogen that are necessary within a 


'The figures appearing in parentheses refer to the references appended to this discussion. 
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cavity to provide equilibrium pressures of atomic hydrogen follow from simple 
chemical reasons. It is interesting, however, that such occluded hydrogen doe: 
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not dissociate, and hence will not re-dissolve below about 800 degrees Cent., 
and yet defects in steel caused by hydrogen are quite readily relieved at much 
lower temperatures. An explanation of this apparent anomaly has been pro- 
posed elsewhere (2). 

Written Discussion: By H. B. Wishart, metallurgical laboratory, Car- 
negie-Illinois Steel Corp., Gary, Ind. 


~ 
sss teoniihaie AD REE NTITES 


The authors have shown in this paper that it is possible to prevent flake 
formation in flake-sensitive steel by holding the steel at some temperature 
between 500 and 1100 degrees Fahr. for a period of time depending upon the 
holding temperature. The higher the holding temperature, the shorter the hold- 
ing time required. 

The results of tests made on 112-pound rails by Wishart and Swanson’ 
are in general agreement with those of the authors. It was found, however, 
in the tests with 112-pound rails that holding of the just-rolled and still un 
transformed steel above the critical temperature was not effective in preventing 
flakes from forming in the metal when subsequently cooled in air to atmos- 
pheric temperature. This indicates that there is a range in which the tempera 
ture of the holding process is effective in preventing flakes in steel, the lower 
limit being above the temperature at which flakes form, and the upper limit 
being the critical temperature. 

We are in agreement with the authors that flakes are caused by a comb! 


i si a AB no io tego! ee 


*H. B. Wishart and A. N. Swanson, ‘‘Methods of Preventing Shatter Cracks or Flakes 
in Carbon Steels,”” Transactions, American Society for Metals, Vol. 27, Sept., 1939, p. 784 
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nation of cooling stresses and stresses produced by gas concentration in the 
steel. We feel, however, that although several methods have been devised to 
eliminate flaking in semifinished or finished steels, the problem of flake pre- 
vention, while old, still remains to be drawn to a satisfactory conclusion. Such 
4 conclusion would be the ability to control the flake sensitivity of the steel 
as it is being made or before it is hot-worked. This achievement, although 
possibly beyond attainment, would eliminate the necessity of special handling of 
steel to prevent flake formation. 


Oral Discussion 


H. F. Moore:* In connection with this paper it may be in order to offer 
some discussion on the importance of flakes (“shatter cracks”) as causing 
structural damage to rails. Such flakes may be regarded as “stress raisers”, 
causing negligible damage under a few loads, but a potential source of the 
spreading fracture under many loads commonly called “fatigue” failure. From 
the mathematical analysis of C. E. Inglis in the 7 ransactions, British Institute ot 
Naval Architects, Part I, p. 219, (1913), considering flakes as equivalent to very 
flat elliptical holes, the theoretical stress concentration would be very high. The 
localized stress at the edge of the flake might be ten or more times the stress 
a short distance away. However any such stress causes plastic action and a 
reduction of the localized stress below its theoretical value. Tests made in the 
Talbot Laboratory of the University of Illinois indicate that a small crack in 

fatigue specimen of rail steel.may reduce its resistance to the spread of the 
crack to a value as low as 50 per cent of the endurance limit of the uncracked 
steel. From either the theoretical or the practical viewpoint, flakes in rail 
steel very seriously reduce its resistance to repeated stress. 

It has been claimed that flakes in steel are not real cracks; but that they 
are converted into cracks by the etching process used to detect them. At the 
University of Illinois shatter cracks were detected by Mr. Cramer in unetched 
rail steel by the use of a microscope with a magnification of « 2000. These 
cracks had a width of the order of magnitude of 0.00001 of an inch. Their width 


was greatly increased by etching, but not their length. 
Authors’ Reply 


In answer to Mr. Crane’s discussion on the season cracking of brass, we 
hardly think that hydrogen is the cause of this troublesome phenomenon. | 
believe it is generally considered to be due to atmospheric oxidation along the 
grain boundaries in highly strained metal. However, like rails, the cracking 
may be prevented by holding at a suitable temperature. For the formation 
of shatter cracks in steel we consider that the bar or piece must be of sufficient 
cross section that the hydrogen will be entrapped at least % inch from an out- 
side surface. This is quite a different condition than the development of season 
cracking in drawn cartridge cases mentioned by Mr. Crane. 

We are very pleased to hear that Messrs. Sims and Zapffe have a paper 


» be published soon on “Flakes, Shatter Cracks and Hydrogen in Steel.” 
We have been working closely with Messrs. Wishart and Swanson on this 


Research Professor of Engineering Materials, University of [llinois, Urbana, III. 
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subject and additional workers in the United States are most welcome so we 
will look forward to reading their paper. We also feel that the effect of 
hydrogen on steel has been a subject neglected by most American metallur. 
gists and a thorough investigation may lead to information which will ex. 
plain some of our present obscure metallurgical phenomena. We have in mind 
the Ao line in the iron-carbon diagram, which to us looks like it may have 
some connection with the solubility of hydrogen in iron. 

Messrs. Sims and Zapffe state that they place a different order of impor- 
tance on the causes of flakes than the writers. In our paper we did not in- 
tend to rate the order of importance of the causes of flakes but only mentioned 
cooling stresses first and hydrogen second. Actually we do not know muc! 
about the stresses which may exist during the cooling of a bar of large cross 
section, especially a shape like a railroad rail, and we should remember it is not 
the stresses left in the cold bar but those which exist during cooling which count 
Therefore we would hesitate to say which cause of internal stress is the more 
important. We do, however, feel that cooling stresses cannot be neglected 
because experiments have shown that the number of flakes developed in rail- 
road rails can be considerably increased by simply cooling the rail with 
mill ventilating fan. 
























































Messrs. Sims and Zapffe mention fissuring in their discussion as a synony- 
mous term for flaking. To those who work with railroad rails the term fissur 
means an internal fatigue failure starting at a flake. It is hoped the meaning 
of the two terms will not confuse our metallurgical literature. 

I am glad Mr. Wishart brought up the question of the ability to con 
trol the flake sensitivity of steel as it is being made or before it is hot-worked 
This would certainly be the ideal solution of the flake problem but until that 
method is discovered controlling the rate of cooling will probably have to be used 
on millions of tons of rails and other products. One new development which 
has been applied commercially during the past year is the dehumidificatior 
of air for the blast furnace. 
































This should reduce the amount of hydrogen in 
the molten pig iron but in the open-hearth process a much larger quantity of! 
hydrogen is introduced in the fuel. It looks like someone will have to de- 
velop a dehydryzer to add during pouring as deoxidizers are used at present. 
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INTRODUCTORY STUDY OF THE NITRIDING OF HARD.- 
ENED HIGH SPEED STEEL BY THE USE OF 
MOLTEN CYANIDES 


By J. G. Morrison Anp J. P. GILL 


Abstract 


This paper treats with considerable detail the process 
of surface hardening of hardened high speed steel by 
immersion in a molten cyanide bath. The paper is divided 
into two main parts, one of which deals with the reactions 
that take place within the bath during the process and the 
precautions necessary with the bath to obtain the most 
satisfactory results. The second part of the paper ts a 
study of the effect of the process on the steel and discusses 
the amount of nitrogen that is imparted to the surface, the 
nature of the surface itself, the hardness of the nitrided 
surface and the microstructure. The paper 1s intended as 
an introductory study as the investigation is being carried 
further. 


HE use of molten cyanides for the nitriding of hardened high 

speed steels is older than is generally recognized. The history 
of the process is obscure and considering the general application of 
the process at the present time it is surprising that only brief descrip- 
tions of the operation have appeared in print and these in connection 
with technical literature of an advertising nature. 

John Wandersee of the Ford Motor Company, 
intimate contact with most of the major developments of steel com- 
positions and treatments of the Twentieth Century, states that in 
about 1914 Alfred C. Blaich mentioned to him that he had heard 
that someone in Chicago was treating hardened high speed steel by 
immersion in molten cyanides. Wandersee and Blaich dis- 
cussed the process with Edwin Peterson who was at that time fore- 
man of the heat treating department of the Ford Motor Company and 
who is now with the Commercial Steel Treating Company of Detroit, 
‘ated a num- 


who has had an 


Messrs. 


Michigan. During the summer of 1914 Mr. Peterson tr 


ber of tools as suggested by Mr. Blaich and found the treatment to 
improve greatly the cutting efficiency of certain types of tools. It, 


\ paper presented before the fr first Annual Convention of the Soci- 
ety held in Chicago, October 23 to 27, 1939. Of the authors, J. G. Morrison is 
metallurgist, Landis Machine onda By Waynesboro, Pennsylvania, and J. P. 
Gill is chief metallurgist, Vanadium-Alloys Steel Company, Latrobe, Penna. 
Manuscript received June 23, 1939. 
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therefore, seems that the true originator of the idea is unknowp, 

It is most difficult to understand why a process of such universal 
use has lacked intensive study other than the fact that its apparent 
simplicity did not appear to offer a fertile field for investigation 
Today practically every manufacturer of high speed steel tools uses 
the process to a varying degree and in most instances with con 
siderable benefit to the product. 

The process as usually conducted consists of immersing the hard. 
ened and tempered tool or the hardened, tempered and ground too! 
in an aged molten mixture of sodium cyanide and potassium cyanide 
The temperature of the salt is usually within the range of from 1000 
to 1050 degrees Fahr. and the time of immersion may be from 5 min- 
utes to even 1 hour or more. This results in an extremely shallow 
case which has a hardness greatly in excess of that of hardened high 
speed steel. It was early found that the use of freshly prepared 
mixtures of sodium and potassium cyanide produced tools having 
very brittle edges but when the same mixture was aged for a con 
siderable length of time it produced tools relatively free from harm 
ful brittleness. 

This investigation was prompted by the desire to gain a working 
conception, not only of what happens to a tool when it is nitrided but 
also as to how the process should be manipulated to obtain the desired 
results. To obtain this information it appeared that the investigatio1 
should deal first, with a study of the characteristics of the bath and 
second, with a study of the material that had been nitrided. 

The first part of the investigation relates to: 

1. The composition of the nitriding bath. 

2. The chemical reactions that take place. 

3. The aging of the bath. 

4. A study of the contamination of the bath, with particular 
reference to nickel. 

5. A study of the galvanic characteristics of the bath. 

The second part of the investigation includes : 

6. The nitrogen content of the nitrided surfaces. 

7. The hardness of the nitrided surfaces. 

8. The microstructure. 

9. The nature of the surface as regards appearance, etc. 

1. The Composition of the Nitriding Bath. As first made, the 
nitriding bath may be prepared by melting 53 per cent sodium cyanide 
and 47 per cent potassium cyanide by weight. This is the eutectic 
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Table I 


Melting Points of Various Mixtures of Sodium Cyanide (NaCN) and Potassium Cyanide 
(KCN) in Per Cent by Weight* 





Temperature 


NaCN KCN Degrees Fahr. 
100.00 0 1042.8 
87.2 12.8 1018.4 
75.1 24.9 975.2 
63.8 36.2 946.4 
53.1 46.9 935.6 
43.0 57.0 950.0 
33.5 66.5 991.4 
24.5 75.5 1031.0 
15.9 84.1 1072.0 
7.8 92.2 1112.0 
0 100.0 1151.6 


The above table is that for pure salts and will differ somewhat, but only slightly, 
with the use of commercial salts. 
*International Critical Tables, Volume IV, Page 69. 


mixture of the two salts and has a melting point of 936 degrees 
Fahr., as shown in Table I. For practical purposes a new bath is 
usually made of 60 per cent sodium cyanide and 40 per cent potas- 
sium cyanide as this ratio has a melting point quite close to that of 
the eutectic. As the bath becomes aged the melting point becomes 
lower than that of the original mixture, due to the increase of the 
cyanate content. Additions of new salt are usually made in the 
proportion of 70 per cent sodium cyanide and 30 per cent potassium 
cyanide in the interests of economy without any apparent change in 
efficiency or results. 

If an aged bath is heated to 1000 degrees Fahr. and then per- 
mitted to cool slowly there will occur at approximately 925 degrees 
Fahr. a separation of one or more constituents; the separation as 
regards amount will increase as the temperature decreases. This 
“salting out” may be observed by using a perforated ladle and scoop- 
ing the salt from the bottom of the bath. Below are given the com- 
positions of the material scooped from the bottom of the molten bath 
at 950 and 900 degrees Fahr.: 

AED re Cee ee 
(CN) (CNO) (CO:s) Na K Insoluble 


950 Degrees Fahr. 17.81 13.63 14.27. Not determined 20.9 
900 Degrees Fahr. 11.16 5.97 36.76 33.1 12.86 


The sludge sample removed at 950 degrees Fahr. shows no 
indication of a 


‘ 


‘salting out.’”’ The insoluble residue is quite rich in 
iron and carbon. In the case of the sample removed at 900 degrees 
Fahr. the white salt layer was mechanically separated from the gray 
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colored natural bath sludge. The white “salted out” material js 
essentially carbonate as indicated by analysis. A 60 per cent NaCN- 
40 per cent KCN mixture will contain 28 per cent sodium and 24 
per cent potassium. The small percentage of potassium found in the 
“salted out” material would indicate that sodium carbonate is prob- 
ably the least soluble compound. As carbonate is the end product of 
the normal decomposition of the nitriding salt, its removal from 
time to time is possible and perhaps desirable. Holding the bath at 
a temperature of from 850 to 900 degrees Fahr. permits the removal 
of much of the carbonate by scooping out with a perforated spoon. 

The “salting out’ of the carbonate as the bath temperature falls 
below 925 degrees Fahr. naturally causes a change in the composition 
of the liquid portion. There are given below the compositions of 
the bath liquid after cooling from 1050 degrees Fahr. and holding 


~ 


at each temperature for 40 minutes before sampling. 


Temperature Per Cent 


Degrees Fahr. (CN) (CNO) (CO;) 
975 25.26 13.26 12.79 
925 25.33 13.49 12.80 
875 26.64 15.17 10.21 
775 28.20 16.10 6.64 


































































The bath composition is practically the same at 975 and 925 
degrees Fahr. At 875 degrees Fahr. the cyanide and cyanate con 
tents have increased while the carbonate has decreased. At 775 
degrees Fahr. there is an increase of about 3 per cent of cyanide and 
3 per cent cyanate with a decrease of about 6 per cent in the carbon- 
ate, as compared to the bath composition at 975 degrees Fahr. 

The first experiments in this investigation were made using a 
nitriding bath that had been in daily use for about three years and, 
therefore, thoroughly aged. The original experiments were made 
with a furnace of the electrical resistance type and the pot holding 
the salts had an inside diameter of 10 inches and an inside depth of 
20 inches. The pot was made of an alloy containing 35 per cent 
nickel and 15 per cent chromium, which type of alloy pot was initially 
used as it had proven most economical for general cyaniding applica 
tions. The thermocouple protection tube inside the pot was originally 
composed of pure nickel. 

The experiments with freshly prepared mixtures were con 
ducted in pressed steel pots 8 inches in diameter and 12 inches deep 
Throughout this investigation a 60 to 40 ratio of sodium cyanide to 
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potassium cyanide was maintained in the preparation of new baths 
or as additions to aged baths. 
In the data from the experiments made, using both an aged and 
a freshly prepared bath, the identity of the bath used is clearly de- 
fined by the cyanogen content of the bath which is given in the tables. 
The commercial salts used in making and maintaining the nitrid- 


ing bath have the following approximate analysis: 


Commercial Sodium Cyanide Commercial Potassium Cyanide 
Per Cent Per Cent 
NaCN 96.7 KCN 95.8 
Na:COs 2.50 K:COs 0.58 
NaCl 0.01 KCl 0.75 
NaCNO 0.64 KCNO 0.34 
NaOH 0.09 KOH 0.12 
S 0.0026 Fe 0.06 
Fe nil Ni nil 
Ni nil 
Because of the chemical complexity of a nitriding bath an analy- 
sis as usually made is reported as percentages of cyanogen (CN), 
cyanate (CNO) and carbonate (CO,). It is impractical to determine 
the percentages of sodium-and potassium compounds of each group. 
A freshly prepared nitriding mixture composed of 60 per cent 
NaCN and 40 per cent KCN after the initial fusion (and providing 
the temperature of the salt has not exceeded 1100 degrees Fahr.) 
will show a cyanogen content of approximately 45 per cent as com- 
pared to a theoretical cyanogen of 47.8 per cent for pure salts. An 
analysis typical of such a bath newly made is as follows: 


Per Cent 


A thoroughly aged bath will be entirely liquid at approximately 
925 degrees Fahr. Below this temperature the bath remains liquid 
to approximately 775 degrees Fahr. but as already mentioned there 
IS a progressive separation of carbonate as the temperature drops 
below 925 degrees Fahr. which settles to the bottom of the pot. 

A nitriding bath originally composed of 60 per cent sodium 
cyanide and 40 per cent potassium cyanide becomes on aging and 
through use a rather complex mixture. A bath which has been in 


use for a reasonable length of time will contain the following if nickel 
alloy pots are used: 
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(1) NaCN 
(2) KCN 


(3) NaCNO 
(4) KCNO 
(5) NasCOs 
(6) K:COs 


(7) Small amounts of tungsten 
(8) About 0.10 per cent iron 
(9) About 0.01 per cent nickel 
(10) Free carbon in the nickel-containing sludge adhering to 
the bottom and sides near bottom of the pot. 






















The tungsten is probably present as tungstates of sodium and 
potassium and finds its way into the bath because of the mild attack 
of the salt on the steel. The tungsten dissolved appears to be that 
which was in solid solution in the steel as the carbides appear resistant 
to attack by the molten salt. The chief source of nickel is the pot 
itself although some contaminating nickel is derived from the nickel 
thermocouple protection tube. The iron contamination is probably 
derived from the wall of the pot; from the film of oxide carried into 
the bath on the surfaces of preheated samples, and from the KCN. 

A fairly representative analysis of a thoroughly aged nitriding 
bath contained in a nickel alloy pot would be as follows: 


Per Cent 







(CN) —— 21.0 
K — 28.0 
Na — 20.5 
(CO;) —— 140 
(CNO) — 16.5 
Fe — 0.11 
Ni —— 0.0085 
Cl - 0.30 


W 





0.10 






2. The Chemical Reactions. A nitriding bath during use pos- 


sesses two zones of almost constant chemical activity. One zone is 
the surface of the bath where it is exposed to the air; the other zone 
where contact is made with the surface of the immersed high speed 
steel. At the surface exposed to air the chemical reactions probably 
are those given below: 


















(a) 2NaCN + O: 2 NaCNO 
(b) 4 NaCNO + 30. = 2 Na:CO; + 2CO, + 4N 
(c) 2 KCN + O: = 2KCNO 

(d) 4KCNO + 302 — 2K; CO; + 2CO; + 4N 












The internal reactions occurring on the steel surface are probably 
due to or are at least greatly accelerated by, the catalysis of the salt 
by the steel surfaces. The probable internal reactions are: 
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(e) 4 NaCNO -> NaCO; + 2NaCN + CO + 2N 
(f) 4KCNO-> K.CO: + 2KCN + CO + 2N 

(g) 2CO#CO.+ C 

(h) NaCN + CO.-> CO + NaCNO 

(i) KCN + CO. -> CO + KCNO 


Reaction (g) may be reversible although its tendency is probably 
to the right. 

3. The Aging of the Bath. The aging of a new bath if con- 
tained in a pressed steel pot requires considerable time if the tem- 
perature of the bath is not permitted to exceed 1100 degrees Fahr. 
The bath once melted will age through nonuse due to the surface 
oxidation of the cyanides. A bath contained in a nickel alloy pot 
appears to age more rapidly than one contained in a pressed steel pot. 

A freshly prepared bath composed of 60 per cent NaCN and 40 
per cent KCN contained in an 8-inch diameter by 12-inch pressed 
steel pot was heated the first, second, fifth and thirteenth days to 
1050 degrees Fahr. and held 2 hours at heat each time. Between 
each heating the bath was covered with a sheet metal cover. On the 
thirteenth day the cyanate content had increased from 1.03 per cent 
of the first day to 1.93 per cent. On the fourteenth day the bath was 
heated to 1300 degrees Fahr., cooled to 1050 degrees Fahr. and held 
2 hours at this temperature. The cyanate increased to 2.74 per cent 
as compared to 1.93 per cent for the previous day. The higher tem- 
perature appears to accelerate the formation of cyanate although too 
high a temperature results in a further decomposition of cyanate. 

A 70 per cent NaCN, 30 per cent KCN bath aged in a nickel 
alloy bath was found to contain over 9 per cent cyanate after aging 
at 1050 degrees Fahr. for 12 hours. 

When a nitriding bath is first prepared the vapor is quite irritat- 
ing to the nostrils. At this point good ventilation is desirable. When 
the bath has become aged sufficiently or when it contains a cyanate 
(CNO) content over 6 per cent there is no appreciable annoyance 
due to the vapor. 

Occasionally an aged bath heated in an electric pot furnace will 
“blow” rather violently during the “heating up’ period, or when the 
lower part becomes molten and while the top crust remains. This 
may be of sufficient violence to send the liquid salt a considerable dis- 
tance. As cyanide burns are quite painful and difficult to heal, pro- 
vision should be made for a tight fitting cover. A more fool-proof 
recourse is to add a split sheet metal hood attached to the top of the 
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furnace shell, and the additional precaution taken that the hood js 
not raised until the recorder indicates that the salt is melted. Some- 
times a steel rod is placed along the inside of the pot, the object being 
to have the rod transmit sufficient heat to the top crust to soften or 
melt part of it early enough to release the pressure developed beneath. 
This recourse, however, does not appear to reduce the “blowing”’ to 
an appreciable extent. 

















A tapered steel or cast iron plug is sometimes placed in the 
molten bath so that it reaches to the bottom of the pot. After the 
salt has frozen, the tapered plug is removed by tapping with a ham- 
mer. This leaves a well through which the expanding gases may 
pass. The disadvantage of using a tapered plug is that it is fre- 
quently difficult to remove. 




















The most practicable method is to use a secondary cover con 
sisting of two circular pieces of sheet metal between which is placed 
14 to % inch of an asbestos wall board. This cover having three lugs 
is placed on the inside of the top of the pot clearing the molten salt 
level by 1 inch and not interfering with the regular pot cover. This 


added insulation permits the top crust to soften early enough so that 























it offers little resistance to the expanding gases. 

4. A Study of the Contamination of the Bath with Particular 
Reference to Nickel. As has already been mentioned the original 
work in connection with this investigation involved the use of a con- 
tainer for the molten salts which contained about 35 per cent nickel 
and a thermocouple protection tube of pure nickel. When it was 
learned that the bath had become contaminated with nickel and that 
there was evidence that such a contamination was affecting to some 
degree the transfer of the nitrogen from the bath to the steel, it ap- 
peared desirable to repeat much of the original work but using a bath 
free uf nicke! In reporting the results of these investigations it will 












































be stated in the tables or diasrams as to whether or not the bath 
was nickel contarninated. 











The change to the use of a nickel-free bath was accompanied 
by a marked general improvement. It was found that the loosely ad- 
herent brownish-black deposit which was adhering to the surface oi 
nitrided samples that had been cooled in air from the bath was freed 
from the surface more readily in washing; that the amount of the 
surface deposit was materially lessened and that the bath remained at 
a more constant composition as regards the cyanogen content, the 
rate of decomposition appearing to be reduced. The latter may be 
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attributed to the reaction between the salt and the pressed steel pot 
as probably being less than that between the salt and the nickel alloy 
pot and lastly the surfaces of nitrided specimens were, after clean- 
ing, a steely, metallic lustre instead of a dull gray lustre. There is 
ample evidence that nickel was plating on the surface of the speci- 
mens when the bath was nickel contaminated. It is quite obvious 
that such an effect would result in inconsistencies. 

Numerous analyses of the nitriding salt were made from time to 
time. Some thirty determinations were made at various times and 
the nickel content found to be a relatively constant amount. Using 
10-gram analytical samples the nickel contained in the bath was found 
to analyze between 0.008 and 0.011 per cent with the average being 
0.0085 per cent. Analyzing the bath prior to nitriding and again 
after nitriding a considerable amount of high speed steel the nickel 
content showed no change in concentration. Below are listed a few 
determinations of nickel and iron which illustrate the relative con- 
stancy of the nickel: 

Per Cent Per Cent 


Iron Nickel 
(a) After an overnight shutdown 0.12 0.0089 
(b) After another overnight shutdown 0.11 0.0081 
(c) After another overnight shutdown, the bath 
stirred and allowed to settle 10 minutes be- 
fore sampling a 0.011 
(d) Same as (c) after 4 hours, considerable 
work having been processed a 0.011 


A nickel alloy pot removed after several years’ service was 
scraped on the inside wall near the bottom and the gray friable ma- 
terial collected. An analysis of this gray-black scale-like material 
loosely adhering to the sides near the bottom of the pot showed the 
following analysis after washing a number of times in dis«.ied water 
to the absence of (CN) as indicated by the silver nitrate test. 


Per Cent 
Nickel 29.11 
Carbon 9.21 


Nitrogen 0.226 


Alloy pots used for containers for the cyanide salts fail due to 
the attack of the molten salt on the interior of the pot on the bottom 
and sides near the bottom. Any discontinuity such as a loose area of 
metal is particularly susceptible to attack by the salt. This is also 


true of thermocouple protection tubes which are welded on the closed 
end. 
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The chief source of nickel contamination is the nickel alloy pot, 
Substituting an iron thermocouple protection tube for the nickel tube 
showed no change in the nickel concentration of the bath. Substityt- 
ing a pressed steel pot for the alloy pot, the residual nickel was plated 
away so that at the end of four days the bath was free from nickel}. 
Retaining the pressed steel pot but replacing the iron thermocouple 
protection tube with a nickel tube the bath again became contaminated 
with nickel. Analysis of the bath under these conditions showed the 
presence of nickel (after several overnight shutdowns) to the exten 
of 0.007 per cent. During use this nickel plated away faster than 
it could be supplied from the tube surface so that at the end of an 
hour or so the nickel concentration dropped to 0.0015 per cent on a 
25-gram sample. 

Perforated steel baskets used as containers for tools during 
nitriding become encrusted with a plate of nickel if the bath is so 
contaminated. The baskets show no tendency to rust due to the pro- 
tective coat of nickel. 

5. A Study of the Galvanic Characteristics of the Bath. i 
studying the changes in weight of samples after being subjected to the 
nitriding bath, certain inconsistencies were observed which caused 
an investigation of the galvanic action which was taking place be- 
tween the bath, the pot and the samples. 

A ¥% x 1 x 4-inch sample of high speed steel was attached to 
gs-inch diameter soft iron wire and suspended in the bath from a 
glass around which the wire was wrapped several times. From the 
glass insulating rod the wire was led to a millivoltmeter and from 
the millivoltmeter the circuit was continued to the nitriding pot. 
When the sample was dropped into the nitriding bath there was a 
negative deflection indicating the immersed sample to be anodic ; then 
a rapid reverse to a positive peak polarity and a continued and rapid 
drop in voltage to about 9 millivolts which remained nearly constant 
for the remaining 30 minutes of the test. Numerous other tests were 
conducted and all indicated the same galvanic pattern, viz.: a nega- 
tive polarity on immersion indicating the sample to be anodic, a 
variable but rapid recovery to a relatively high positive polarity in 
which the immersed sample became the cathode, and then a decreas- 
ingly rapid drop in millivoltage to an approximate constant positive 
millivoltage. 

Two samples 44 x 1 x % inch weft polished on all six sides 
down to “O” metallographic paper and all six sides were passed over 
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a canvas polishing wheel. The corners were also touched on the 
canvas wheel to a slight rounding after which the samples were dried 
and weighed. Both samples were placed in the nitriding bath at the 
same time. Sample No. 105 was insulated by suspending from a 
lass rod by means of 35-inch soft iron wire, while sample No. 107 
was immersed to the same level in the bath and the iron wire attached 
to the glass rod but the end of the wire led to a galvanometer placed 
in the circuit with the pot. The samples were nitrided at 1050 degrees 
Fahr. for 4 hours. 

When sample No. 107 was immersed there was a negative gal- 
vanometer deflection then a quick reversal to a positive deflection as 
the samples increased in temperature. The maximum deflection was 
27.5 millivolts; then in 3 minutes the deflection dropped to 9 milli- 
volts: in 5 minutes to 8 millivolts and in 12 minutes to 6.5 millivolts. 

The sample was moved up and down in the bath several times 
and the following readings were observed: 


Millivolts 
35 min. —Deflection— 6.0 
1 hr. —Deflection— 4.25 
1% hrs. —Deflection— 4.0 
2 hrs. —Deflection— 5.0 
2% hrs. —Deflection— 4.75 
3 hrs. —Deflection— 4.0 
3% hrs. —Deflection— 4.5 
4 hrs. —Deflection— 4.0 


The change in weights due to nitriding were as follows: 


After Nitriding and Change in 


Before Nitriding Scrubbing Surface Weight 
No. 105 (Insulated ) 23.9099 gms. 23.9085 0.0014 gms. 
No. 107 (Not Insulated ) 23.4501 gms. 23.4424 0.0077 gms. 


From the above it will be seen that the immersed sample, as 
soon as it reached the bath temperature, remained cathodic through- 
out the duration of the 4-hour test. The weight change due to 
nitriding of the insulated sample No. 105 was considerably less than 
that of the noninsulated sample No. 107. 

After the above experiment, a series of treated high speed steel 
samples (0.287 x 0.952 x 2.191 inches) were carefully prepared and 
nitrided in pairs (one sample electrically insulated and the other not 
insulated) for 32 minutes. Each sample was suspended in the bath 
to the same depth by means of a y4-inch soft steel wire attached to 
a glass rod. The wire of the noninsulated sample was led to a gal- 
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Table Il 

Change in Weight of Rectangular Samples (0.287x2.191x0.952 Inch) Nitrided in a Bath 

Free from Nickel Contamination. Electrically Insulated and Noninsulated Samples 
Compared. Samples Not Preheated Before Nitriding 













oss 


(51 
Per Cent Weights (Grams) Net Change Weight Cha 




















nge 

Nitriding (CN) Before After in Weight After in Weight 

No. 32 Min. of Bath Nitriding Nitriding (Grams) Scrubbing (Grams) 
Wl : a 84.7506 84.7453 —0.0053 84.7444 —0,0062 
*w2 900° F. 25.2 84.7317 84.7271 —0.0046 84.7263 0.0054 
W3 pal et 84.8389 84.8346 —0,0043 84.8345 0.0044 
*wW4 950° F. 24.6 84.8483 84.8452 —0,0031 84.8451 0.0032 
Ws fiat ’ 84.8391 84.8359 — 0.0032 84.8347 0.0044 
*W6 1000° F. 23.2 84.8423 84.8406 —0,0017 84.8402 0.0021 
W7 a a nei 85.0842 85.0834 —0.0008 85.0820 0.0022 
“ws 1050° F. 23.5 84.8671 84.8705 +-0.0034 84.8692 +-0,0021 
Ww9 . enn 84.7484 84.7505 +0.0021 84.7495 +-0.0011 
*W10 1100° F. 23.5 84.8172 84.8216 4+-0.0044 84.8203 +.0.0031 


*Electrically insulated. 
Note—The noninsulated samples were in a galvanometer circuit. 
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Fig. 1—Galvanic Characteristics of an Aged Nitriding Bath Relative to Samples 
0.287 Inch x 0.952 Inch x 2.191 Inch. 





vanometer and the circuit completed through the furnace shell. After 
nitriding, the adherent salt and dark surface deposit was removed 
from the samples. The samples were then dried and weighed; then 
scrubbed lightly on all surfaces with emery powder and oil to remove 
surface smudge and again weighed. Table II shows that the insulated 
samples lost less weight or gained more weight than the noninsulated 
samples. Fig. 1 shows roughly the curves that result by plotting the 
millivoltage against time of immersion, using various nitriding tem- 
peratures. The curves of Fig. 1 show that on immersion the sample 
is anodic but quickly there is a reversal of polarity as the sample 
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citi becomes heated, then follows a maximum positive deflection and a 
d in a Bath gradual drop in millivolts to a near constant. As the temperature of 
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nitriding is increased the maximum positive voltage becomes greater 
and this millivoltage peak is more rapidly attained. 

The foregoing experiment was repeated with samples measuring 
0.26 x 2.15 x 0.922 inches. On the noninsulated samples the circuit 
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Fig. 2—Galvanic Characteristics of an Aged Nitriding Bath Relative to Samples 
0.260 Inch x 0.922 Inch x 2.15 Inch. 


was completed through a 3¢-inch diameter rod extension welded to 
the pot. The use of a double throw switch permitted observations 
within the range of plus and minus 50 millivolts. 

Fig. 2 shows the galvanic curves for the temperatures 850 to 
1100 degrees Fahr. in steps of 50 degrees. The curves are given in 
more detail to show the rise and fall of millivolts. The millivoltage 
created in immersing a sample in the bath was found to be inde- 
pendent of the electrical heating circuit of the furnace. However, 
it was found that whenever the furnace was heating there was a rise 
in millivolts, which was due to the increased circulation of the bath. 

Fig. 3 shows the curves developed on the same size samples im- 
mersed in a freshly prepared 60-40 mixture. The galvanic charac- 
teristics were plotted for the first and succeeding days. The curves 
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obtained using a fresh mixture show (by comparison with the 1050. 
degree Fahr. curve of an aged mixture) a low positive peak millj- 
voltage becoming higher on subsequent days as well as attaining the 
peak more rapidly. 





On the first day the millivoltage drops quite 
rapidly to a maintained negative millivoltage. 
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creases the peak voltage rises. 






On the fourteenth day the cyanate 
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Fig. 3—Galvanic Characteristics of a Freshly Prepared 60 Per Cent Nar 
40 Per Cent KCN Nitriding Bath Relative to Samples 0.260 x 0.922 
tath Temperature 1050 Degrees Fahr. + 10 Degrees Fahr. 





x 2.15 Incl 











has increased to 2.74 per cent and a positively maintained milli 
voltage resulted. 





It should be noted that this bath was melted only seven times 
during the fifteen days. On the thirteenth day the bath was reheated 
for securing analytical sample only. Between each melting the bath 








was either covered or left uncovered as noted in the legend of Fig. 3. 








It appears that the galvanic characteristics are due chiefly to the 
decomposition of the cyanate (CNO). The millivoltage is a measur 
of the decomposition of (CNO) or a measure of the nitrogen 
created on the surface of the steel. It is also a criterion of 4 

















deficiency in (CNO) or a deficiency of nascent nitrogen. Th 
curves obtained on the 850-degree Fahr. sample would indicate con- 
siderable decomposition of the (CNO) and consequently a larg 
amount of nitrogen available. 











However, little is absorbed possibl\ 








because of reduced solubility by the steel at the low temperatur« 
The curves shown in Figs. 1, 






















2 and 3 illustrate the galvanic 
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characteristics. The curves are to be considered in only a relative 
se since the depth the specimen is immersed in the bath and the 
n of the specimen in respect to the sides of the pot will influ- 


~~ 


sel 
locati 
ence the millivoltage values. The deeper one places a specimen in 
4 bath or the closer one places it to the wall of the pot the greater 
the galvanometer deflection. Turbulence or convection currents also 
influence the millivoltage, particularly in the early period of im- 


mersion. 


CHARACTERISTICS OF THE PRODUCT 


6. The Nitrogen Content of the Nitrided Surfaces. It had 
been observed that if annealed high speed steel is nitrided it acquired 
a high degree of hardness on the edges. This hardness on samples 
immersed for 30 minutes or less at 1050 degrees Fahr. is quite 
superficial since a file used with ordinary pressure would sink 
through the case. On a 5-hour immersion at 1050 degrees Fahr. 
the nitrided case is of sufficient depth and hardness that a more than 
ordinary file testing pressure is required to break through the case 
and a high hardness is obvious. It was believed that if one were 
to nitride annealed high speed steel at various temperatures for 
various periods of time and remove by machining small increments 
of the surface layer and analyze them for nitrogen it would show a 
relatively accurate estimation of the nitrogen absorbed by treated 


high speed steel. Some comparisons were made of the nitrogen 
content near the surface between samples of high speed steel that 
were annealed and samples which were fully hardened and tempered. 
The amount of nitrogen found present did not differ materially be- 
tween the nitrogen absorbed by annealed high speed steel and that 
absorbed by hardened and tempered high speed steel. 

Each table clearly shows the type of bath that was used in the 
experiments as well as to whether or not a nickel or iron pot had 
been used and as to whether or not the bath was nickel contami- 
nated. The initial test for the determination of nitrogen near the 
surface was conducted with specimens 34 inch in diameter and 5 
inches in length which had been turned from 1-inch diameter speci- 
mens and which had been ground before nitriding. 

The steel selected for this test was of the following composition : 
( Mn Pp S Si Cr Ni V W 
0.70 860.21 0.021 tr. 0.28 4.0 0.078 1.01 18.0 
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Table Ill 


The Nitrogen Content Near the Surface of %-Inch Diameter Specimens, Using an Ayeq 
Bath and Nickel Alloy Pot. The Bath Showed Nickel Contamination 


. ail Percentage of Nitrogen 
Time Nitrided Cyanogen(CN) -————Depth of Cuts— 







Sample at 1050° F. Content of Bath 0.000 to 0.003 0.003 to 0 006 
Number Minutes Per Cent Inch Inch 

PI 3 ) 0.030 0.007 

P2 10 0.041 0.008 

P3 30 21.4 0.059 0.007 

P4 90 0.095 0.007 

P5 None Nil le 








Four annealed high speed steel samples were preheated in 
perforated steel basket at 1025 degrees Fahr. and the basket con- 
taining the samples transferred to the nitriding bath at 1050 degree 
Fahr. The bars were held in the bath for various times. The sam- 
ples after removal from the bath were cooled in still air and th 
adherent salt removed by washing in water and by scrubbing of tie 
surface by means of a fiber brush. A fifth bar was not nitrided. 

Two successive cuts of 0.003 inch were taken on the nitrided 
bars and the chips analyzed for nitrogen. From bar P5 which was 
not nitrided only one cut was taken for the nitrogen content of the 
steel itself. Regular high speed steel tool bits were used in machin- 
ing the bars for the analytical samples. 

All of the nitrogen determinations were made by the Battell 
Memorial Institute following the analytical procedure given in the 
appendix. Table III gives the history of the various bars and the 
results of the nitrogen determinations. The results obtained in 
Table III indicate a progressive absorption of nitrogen as the time 
of immersion is increased from 3 minutes to 90 minutes; also prac 
tically all of the nitrogen absorbed is within the first 0.003-inch 
depth. 

Following this preliminary test for nitrogen it was decided to 
prepare a number of samples in an effort to determine the nitrogen 
in samples of cuts 0.001 inch in depth and by difference the amount 
in the first 0.0005 inch by grinding of 0.0005 inch of surface of 
companion bars and then taking cuts of 0.001 inch. A larger diam- 
eter test specimen was selected in order that the 0.001-inch cuts 
would yield sufficient chips for a reliable nitrogen determination ; 
also a larger diameter bar would probably show less runout or dis 
tortion during nitriding. 
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1939 HARDENING HIGH SPEED STEEL 951 
For this test 174-inch diameter high speed steel of the follow- 
ing composition was used: 
L Mn P S Si Cr Ni V W 
0.705 O27! OOS te. GH 396 00 106 £=16.16 


Samples 5.5 inches long were turned to 1.75-inch diameter and 
then ground between centers to a good tool room finish. Samples 
were nitrided at various temperatures for 30 minutes following a 
preheating period at the same temperatures as that used in nitriding. 
Cyanogen determinations were made on samples of salt taken from 
the bath at the time each sample or samples were run at the various 
temperatures. After cooling in still air the samples were placed in 
water and the loosely adherent brownish-black deposit removed by 
brushing with a fiber brush. The samples were then immersed for 
5 minutes in cold 25 per cent hydrochloric acid, containing an inhibi- 
tor, to remove any possible film of cyanide on the surface. 

The test specimens after cleaning showed a more or less uneven 
dull gray and black surface suggesting surface deposited carbon. 
The analytical samples were obtained under laboratory supervision, 
the lathe work and micrometer measurements being done by an 
Some estimate of the care exercised 


in attempting to maintain preciseness of measurement may be gaged 


expert tool room mechanic. 


by the fact that it required the work of two men fof five days to 
secure the chips of three cuts from each of ten samples. 

Several attempts to remove the first 0.001 inch of metal on 
sample N1 indicated that this was hardly possible of accomplishment 
with a regular high speed steel tool bit. After this experience 
tantalum carbide tools were used to machine off the successive cuts. 

The following observations in regard to machining the nitrided 
samples may be of interest in view of the subsequent data obtained 
on the hardness conferred on annealed high speed steel by nitriding 
only. Bars Nl to N4 inclusive were machined without difficulty. 
On bar N5 the tool failed once on the first cut; the second and third 
cuts were obtained without difficulty. On bar N6 the tool failed 
seven times in securing the cut of 0.0005 to 0.0015 inch. On bar 
N7 there was consistent tool failure in attempting to cut the first 
0.001 inch. This sample was machined satisfactorily to a depth of 
0.002 inch and the chips were quite sooty. On bar N8 it was neces- 
sary to go to a depth of 0.002 inch on the first cut. The first 0.001 
inch of bar N10 was removed without difficulty, and the chips were 
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cember 


crumbly and sooty, as if they had been virtually ground off by th. 
tool as the bar was glazed entirely across after removal of this first 
0.001 inch. There was a consistent tool failure in attempting th 
second cut of 0.001 to 0.002 inch and also in attempting to cut 0.00) 
to 0.003 inch. The second cut was finally accomplished in making , 
cut 0.001 to 0.00475 inch. The chips on the second cut appeared 
quite dark in color. Bars N13 and N14 machined satisfactorily +, 
0.001 inch cuts. . 

The nitrogen determinations listed in Table IV show that prac. 
tically all of the nitrogen absorbed in the 30-minute immersion peri. 
ods from 850 to 1150 degrees Fahr. inclusive is within the first 0.00) 
inch of surface; also, the nitrogen in the second and third 0.001 inch 
is appreciably greater than that found in the steel itself. Thirty 
minutes at 1250 degrees Fahr. evidently drives the nitrogen beyond 
the first 0.001 inch of surface as indicated by our inability to re- 
move the first 0.001 inch by means of a carbide tool. 

Table V shows an increasing percentage of nitrogen is obsorbed 
in an aged bath at 1050 degrees Fahr. as the time of immersion i 
increased from 3 minutes to 6 hours. Three hours at 1050 degree: 
Fahr. evidently drives considerable nitrogen to a depth greater than 
0.001 inch, precluding removal of the first 0.001 inch with a carbid 
tool. On sample N10, nitrided at 1050 degrees Fahr. for 6 hours, 
the first 0.001 inch was removed without difficulty. However, a 
fortuitous combination of circumstances permitted this. The first 
0.001 inch of surface was probably a more or less “built up” sur 
face consisting of carbon, nickel and a steel surface more or less 
disintegrated with minute pits. The surface of sample N10 after 
removal of the first 0.001 inch was glazed entirely across. The sec- 
ond 0.001 inch could not be cut with a carbide tool; the attempted 
cut of 0.001 to 0.003 inch could not be accomplished. The second 
cut was finally made 0.001 to 0.00475 inch. A penetration of con 
siderable nitrogen to a depth greater than 0.003 inch appears evident 

The nitrogen analysis of sample N14 which was nitrided in ; 
freshly prepared 60-40 mixture shows the first 0.001 inch of sur 
face to contain less nitrogen than sample N3 nitrided for the same 
time at 950 degrees Fahr. in an aged bath. The second and third 
0.001 inch show a nitrogen content equivalent to that of the steel 
itself. A steeper nitrogen gradient is indicated for the sampl 
nitrided in a new bath as compared with samples nitrided in an aged 


bath. 
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Table VI 

Effect of Reheating Treatments on the Nitrogen Content. Constant Preheating and 
Nitriding Times and Temperatures. An Aged Bath Was Used with Nickel Alloy Pot. 
The Bath Was Nickel Contaminated 





Runout a 
Reheating of Bars Nitrogen 
Treatments O, K. = i at Calculated 
Sample After Under ————Nitrogen Determinations —, to 
No. Nitriding 0.0002” 0.000-0.001” 0.001-0.002” 0.002-0.003” 0.000-0.001” 
7 0.001-0.0022” 0.0022-0.0032” 
N 4 None O. K. 0.32% 0.02% 0.02% 0.32% 
0.002-0.0035” 
N11 1100° F. 0.00025” 0.20% 0.04% 0.01% 0.20% 
1 hour 
0.000-0.0012” 0.0012-0.0022” 0.0022-0.0032” 
N12 1300° F. O. K. 0.029% 0.02% 0.01% 0.030% 
2 hours 
N15 1300° F. O. K. 0.032% 0.02% 0.01% 0.032% 
2 hours 


~ All samples were approximately 1.7 inches diameter x 5% inches long. Sample N12 
was in annealed condition at time of nitriding. 


The last column of Table V is an estimation of the nitrogen in 
the first 0.001 inch of surface of the various samples. Some liberty 
was taken in making these estimations but a consideration of all 
data would indicate them to be reasonably accurate. 

Table VI shows the effect on the nitrogen content of nitrided 
high speed steel which was reheated after nitriding. Sample N15 
prior to nitriding was treated as follows: Preheat 1550 degrees Fahr. 
for 35 minutes; high heat 2350 degrees Fahr. for 8.5 minutes; 
quenched in oil and tempered at 1080 degrees Fahr. for 1.5 hours 
after which it had a hardness of Rockwell C 63. The sample was 
then ground true and an additional 0.005 inch removed from the 
surface before nitriding. 

The samples were placed in a vertical position in a perforated 
basket and were preheated at 1050 degrees Fahr. for 30 minutes at 
temperature. The basket containing the samples was transferred to 
the nitriding bath for a 30-minute immersion at 1000 degrees Fahr. 
The bath analyzed 20.47 per cent cyanogen. After nitriding, cool- 
ing and cleaning, samples N12 and N15 were pack annealed in cast 
iron chips at 1300 degrees Fahr. for 2 hours at temperature. The 
pipe containing the samples was cooled in silocel. Sample N15 
showed a Rockwell C of 44 after the 1300-degree Fahr. anneal. 

Examination of Table VI indicates that one-third of the nitro- 
gen was lost on reheating sample N11 to 1100 degrees Fahr. for 1 
hour. The analytical comparison between samples N12 and N15, 
or between a hardened and nitrided and an annealed and nitrided 
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Table VII 


Nitrogen Determinations of Five Samples Nitrided at the Same Time at 1050 Degrees 
Fahr. for 30 Minutes for Estimation of Nitrogen Gradient Using an Aged Bath 
and Nickel Alloy Pot 





--Diameter of Bars— Cuts for Analytical 
Sample Before After Amount Removed Samples Relative Per Cent 
No. Nitride Nitride from Surface to Surface Nitroger 
N25 1.7150” 1.7149” None 0.000 to 0.0023” 104 
N21 1.7149” 1.7149” 0.0001” polished 0.0001 to 0.0021” 1.063 
off surface 
N22 1.7148” 1.7149” 0.0002” ground 0.0002 to 0.0022” 0.067 
off surface 
N23 1.7149” 1.7148” 0.0003” ground 0.0003 to 0.0023” 0.056 
off surface 
N24 1.7150” 1.7148” 0.0004” ground 0.0004 to 0.0029” 0.043 


off surface 


1 
1] 


sample, was to gain substantive proof that the assumption, that a 
annealed surface would absorb nitrogen to the same extent as , 
hardened surface, was reasonably correct. It was felt that a tem. 
perature of 1300 degrees Fahr. would make the treated sample sof 
enough to be machined with a carbide tool although it was not antic 
pated that this treatment would reduce the nitrogen content to suc 
a small amount. The nitrogen analyses of the first 0.001 inch oj 
surface indicate that only one-tenth of the nitrogen was retained 


The nitrogen in the first 0.001 inch of the annealed and nitrided and 
treated and nitrided samples are practically identical. While thi 
does not definitely indicate that a hardened surface will absorb nitro- 


gen at the same rate as an annealed surface it is at least some indica 
tion that this may be true. 
Table VII gives the results of nitrogen determinations made 01 


five annealed bars which were preheated at 1050 degrees Fahr. for 
30 minutes at temperature and then nitrided at 1050 degrees Fabhr 


Table Vill 
Carbon Analysis of Surface Cuts of Nitrided Samples Using An Aged Bath 
and Nickel Alloy Pots 





Carbon Analy ses 


Surface ————_—_—————— Depth of Cuts————_———_ 

—Nitriding—, Removed 0.000’ 0.0005” 0.001” 0.0015” 0.000 

Sample Degrees Time by to to to to to 

No. Fahr. Minutes Grinding 0.001’’ 0.0015” 0.002” 0.0025” 0.002 

N 1 850 30 None Rare ‘esses OCs ee nens . 
N 2 850 30 OOS” scones Gees... whe See 0.704% 
N 3 950 30 None Ey 2y >. eae ee - , ef ee 
N 5 1150 30 None ee: ted awe Garwe* . \ seeeen 

N 6 1250 30 0.0005” iss 0.68% ae tite 0.72% = 

N 7 1250 %” Gs Aes eecath pera 0.88% 

N 8 1050 180 ee. Ga kaks a ee ethos Gnbeel 0.87% 

N10 1050 360 None 1.63% . 


N14 1050 30 None 1.18% ee. 
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1939 HARDENING HIGH SPEED STEEL 957 
for 30 minutes. After rough grinding, the bars were given a stress 
relieval treatment at 1100 degrees Fahr. and then ground to a good 
tool room finish. The samples were preheated in a vertical position 
‘1 a perforated basket and the basket transferred to the nitriding 
hath. After nitriding the bars were checked for distortion and 
found to be under 0.0001 inch for “runout”. After nitriding, vari- 
ous small amounts of surface thickness were removed and cuts of 
about 0.002-inch depth of the new surfaces obtained. The results 
of the nitrogen determinations given in Table VII show the nitro- 
gen gradient from the surface to 0.004 inch below surface is quite 
evenly decreasing. 

A mathematical consideration of the probable nitrogen content 
of the first 0.0001 inch of surface is given in the appendix. The 
nitrogen analysis data given in Table VII were used for these calcu- 
lations, but the data are insufficient to draw reliable quantitative con- 
clusions. However, under the nitriding conditions imposed there is 
indicated a nitrogen content of approximately 0.8 per cent in the 
first 0.0001 inch of surface. 

The black color of the nitrided surfaces and the sooty chips 
obtained in machining some of the specimens suggested the pres- 
ence of considerable surface carbon. Consequently, small portions 
(0.2 gram of the cuts 0.000 to 0.001 inch and 0.5 gram of the cuts 
0.000 to 0.002 inch) of the nitrogen analytical samples were taken 
for carbon analysis. Numbers N1, N2, N3, N5, N6 and N7 of 
Table IV and numbers N&, N10 and N14 of Table V were analyzed 
for carbon with the results tabulated in Table VIII. 

Due to the small weight of the analytical samples used for the 
carbon determinations listed in Table VIII no high degree of accu- 
racy is to be expected. The carbon analyses are probably accurate to 
within plus or minus 0.04 per cent. The analyses show very conclu- 
sively that there is a considerable amount of carbon adhering to the 
nitrided surfaces as it does not appear likely to have been absorbed 
by the steel. In order to form some estimate of the disposition of 
this carbon a number of additional samples were prepared for car- 
bon analysis. 

A number of the bars used for the nitrogen determinations were 
reground so as to remove an additional 0.010 inch from the surface. 
These bars were then nitrided for various periods at various tem- 
peratures. After nitriding, the bars were spotted with an abrasive 
eraser and micrometered for size and then carefully sand blasted. 
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Table IX 
Carbon Analyses of Surface Cuts of Nitrided Samples. Aged Bath with Nickel Alloy Pots 




















Preheating 
30 Min. at 
—Diameter of Samples—, Tempera- Black r—Carbon 
After ture Residue 0.000” 0,002” 
Sample Before After Sand- Degrees (CN) Not Soluble to to 
No. Nitride Nitride blast Fahr. Nitrided of Bath in Waterf 0.002” 0,004” 
1A 1.7360" 1.7360” 1.7360” 850 ye F. 19.8% 0.3062 gms. 0.71 07 
30 Min. 
2A 1.7360" 1.7360" 1.7360” 950 950° F. 19.8% 0.1972 gms. 0.71 0.704 
30 Min. 
3A 1.7375” 1.7375” 1.7373” 1050 1050° F. 19.8% 0.2589 gms. 0.74 
30 Min 
4A 1.7340” 1.7338” [aaa ~~ eee? Gee Be leccees 0.4426 gms. 0.735 0.71 
90 Min. 
5A 1.7380” 1.7378” 1.7377” 1050 1050° F. 19.2% 0.5963 gms. 0.74 0,7] 
180 Min. 
6A 1.7370" 1.7370" 1.7369" 1100 1100° F. 18.5% 0.1830gms. 0.73 0.79 
30 Min. 
13A Ree |. adbeeen 1.7370" 1050 *1050° F. 44.5% 0.2350gms. 0.73 0,71 
30 Min. 
14A Le” §« sswesee 1.7370" 1050 *1050° F. 44.5% 0.2751gms. 0.75 0.71 
90 Min. 





*“Samples 13A and 14A were nitrided in a freshly prepared 60-40 mixture. Nitriding 
temperature plus or minus 10 degrees Fahr. 

TThis black residue was obtained by placing the samples in a large beaker of dis 
tilled water after they had cooled to room temperature from the nitriding bath. T! 
loosely adherent brownish-black deposit was brushed from the surface, filtered 
weighed Gooch crucibles, washed free from cyanide, dried and then weighed 
























The sand blasting was very light in an endeavor to remove the dark 
color only. The bars were again micrometered for size in the sam 
three relative locations used on the prior measurements. Table [X 
is a tabulation of the results of the carbon analyses on two succes 
sive cuts of 0.002 inch on each bar. 

The results of the carbon determinations given in Tables VII! 
and IX indicate that considerable carbon adheres to the nitrided sur 
faces. There is little difference, as shown in Table [X, in the carbon 
content of the first 0.002 inch of samples nitrided at 1050 degrees 
Fahr., 30 minutes, 1050 degrees Fahr., 90 minutes and at 1100 
degrees Fahr., 30 minutes. This would indicate little or no cementa 
tion takes place. That the carbon should be somewhat higher on 
the first 0.002 inch of the surface is probably due to the fact that 
in nitriding there is a microscopic pitting of the surface. These pits 
appear to contain small carbon particles which are not dislodged by 
the light “dusting off’ under the sand blast. Another contributing 
cause of the higher carbon may be the trapping of carbon particles 
by the nickel which plates onto the surfaces of high speed stee! 
nitrided in a bath contaminated with nickel. 

Samples of high speed steel which are nitrided show on cooling 
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temperature a more or less reddish-brown color suggestive 
of iron oxide. Several additional samples similar to those of Table 
1X were nitrided at 1050 degrees Fahr. for 30 minutes. Two sam- 
ples were preheated at 1050 degrees Fahr. prior to nitriding and two 
not preheated. The brownish-black residue adhering to the nitrided 
surface was freed of cyanide by filtering on filter paper and wash- 
After drying the samples were analyzed with 


to room 


ing with hot water. 
the results given below: 
Samples not preheated 
C Fe Ni Cr 
1.16 62.6 0.35 3.71 

The preheated samples analyzed for iron content only showed 
this to be 63.1 per cent. 

From the above it will be seen that considerable carbon forms 
on the steel surfaces probably due to the decomposition of CO which 
in turn results from the decomposition of the cyanates. The high 
percentage of iron and chromium may be derived from the erosion 
of the high speed steel by the salt. It may be possible that some 
of the iron contained in solution m the molten salt may plate onto 
On removal from the bath and on cooling 


The nickel 


the immersed surfaces. 
to room temperature this iron may oxidize to iron oxide. 
is derived from the nickel in solution in the bath. 

When it was learned that the nickel contamination/of the bath 
was affecting the results it was thought desirable to recheck the 
nitrogen content of consecutive 0.001l-inch cuts on samples nitrided 
in an aged bath free from nickel. It was decided to explore, in 
steps of 50 degrees Fahr., the apparent useful nitriding temperature 
900 to 1100 degrees Fahr. 
prepared for nitriding at each temperature by accurately grinding 
between centers. The bars were placed in a vertical position in a 
perforated basket and preheated to the same temperature as that 


range, viz.: Two annealed bars were 


used for nitriding. After holding at the preheating temperature for 
20 minutes the baskets were transferred to the nitriding bath and 
moved up and down several times after immersion. No subsequent 


agitation was given the immersed samples. The bath was sampled 


tor analysis 15 minutes after immersion. Concurrently there were 
nitrided at each temperature a micro-polished annealed sample (No. 
95 to No. 99 inclusive) and two micro-polished treated samples (No. 


80 to No. 89 inclusive) of high speed steel. The micro-polished sam- 
] . . . 
pies were not preheated prior to immersion. 
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Table XI 


Recheck of Nitrogen Gradient in Samples Nitrided in a Freshly Prepared Mixture of 
60% NaCN and 40% KCN. Pressed Steel Pot. Very Slight Nickel Contamination 
from Thermocouple Protection Tube 


Preheat 


20 Min. --Nitrogen Determinations— 
at Temp. Nitrided 0.0000” 0.001” 0.002” 
Degrees Degrees to to to 
No. Fahr. Fahr. CN CNO CO; 0.001” 0,002” 0.003” 
N170 1050 1050 + 10 Start 
30 min. 45.22% 1.14% 1.87% 0.174 0.009 0.009 
N200 1050 1050 + 10 NL. . -scatigg oe eae 0.197 0.124 0.013 
90 min. Finish 


After nitriding and removing the 


adherent salt and surface 


deposit one of the companion bars of each temperature was ground 
to remove 0.0005 inch from the surface. 

The histories of the various samples are given in Table X. 
Chips were obtained from the bars for nitrogen analyses using tan- 
On the “as-nitrided” bars, cuts of 0.000 to 
0.002 inch were made and on the bars from which 0.0005 inch was 
eround after nitriding, cuts of 0.005 to 0.002 inch were made. The 
prior experiments had indicated the bulk of the nitrogen to be within 
the first 0.0005 inch of surface at the temperatures of 900 to 1100 
degrees Fahr. for 30-minute periods of immersion. 


talum carbide tools. 


The analyses 
under the conditions imposed permitted the evaluation of the nitro- 
gen percentage in the first 0.0005 inch of surface. 

Table XI is a tabulation of the nitrogen determinations on three 
successive cuts of 0.001 inch made on two samples nitrided respec- 
tively 30 and 90 minutes at 1050 degrees Fahr. in a freshly pre- 
pared 60-40 mixture. 
time. 


These samples were immersed at the same 
Sample N170 was run to check the analyses of three succes- 
sive cuts on sample N14, Table V. Sample N14 had been nitrided 
previously in another freshly prepared bath. Sample N170 nitrided 
for 30 minutes showed on the cut 0.000 to 0.001 inch a nitrogen 
content of 0.174 per cent. On the cut 0.001 to 0.002 inch the nitro- 
gen content is comparable to that found in the steel itself. This 
duplicates the result of the first test as regards a steep nitrogen 
gradient. The sample nitrided for 90 minutes in the same bath 
shows only slightly more nitrogen (0.197 per cent) in the first 0.001 
inch as compared to (0.174 per cent) the first 0.001 inch of sample 
nitrided for 30 minutes. On sample N200 nitrided for 90 minutes 
the second and third 0.001 inch show an increase or diffusion of 
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Table XII 


The Determination of the Percentage of Nitrogen by Difference on the First 0.0005 nc) 
of Surface. Bars Electrically Insulated During Nitriding. The Bath Was Free from 
Nickel Contamination 





Preheat Nitriding Brownish Residue 
2 30 on --Nitrogen Determinations 
Min. at Min. at Per Samples Subsequent ).000 +¢ 
Temp. Temp. Cent Not Water Removal ).0005” 
Degrees Degrees CN Soluble of Surface 0.000 0.0005 hy 
No. Fahr,. Fahr. of Bath (Grams) by Grinding to0.002” to0.002” Differe, 
N 33 ; ts =u ee. veaeee 0.017 
N 44 WV AV 24.8 0.1228 None 0.036 ages ).093% 
N 55 i ° ais : 0.0005” sdduee 0.018 
N 66 FOU 950 29.8 0.3449 None *0.050 a 0.166% 
N 77 ~ RES SS +0.022 
Nl1l1 1000 1000 23.6 0.4151 None 0.082 ine 0.280% 
N122 ‘ as a 0.0005” rs ae 0.035 
N13 1050 1050 24.1 0./064 None 0.092 iaeae ). 263% 








*Cut 0.000 to 0.0022” 
FCut 0.0005 to 0.0022” 
tCut 0.000 to 0.00215” 








nitrogen. It would appear that if tools nitrided in a freshly prepared 
bath were to be given a long immersion period there should be n 
excessive brittleness as shown by short time immersion periods. | 
comparatively low nitrogen content of the first 0.001 inch of t! 
sample nitrided for 90 minutes as compared to the sample 30 min 
utes and the indication of nitrogen diffusion would suggest a lowe 
surface nitrogen content on the 90-minute sample. This appears t 


be the case as supported by the micro-hardness indentation number: 
obtained by testing a hardened and micro-polished sample nitrided 


for 90 minutes in a freshly prepared bath. 


Table XII gives the results of nitrogen determinations on bars 
nitrided at 900 to 1050 degrees Fahr. in increments of 50 degrees 
Fahr. Two bars were nitrided at each temperature, then one bat 


of each pair was ground to remove 0.0005-inch depth from sur 
face. The results of the nitrogen determination as calculated t 
the first 0.0005 inch of surface on the noninsulated samples of Tabl 
X and the insulated samples of Table XII show considerable dis 
parity at the 900 and 950-degree Fahr. temperatures. This may b 


due to several factors, one of which might be the interference 0! 


the surface deposit and another, the variable circulation of the bath 
The noninsulated samples were placed in a verticai position in pe! 


forated baskets, while the insulated samples were suspended in a 
vertical position from glass rods by means of a #y-inch diameter 

- . . rime . . . ] 
soft iron wire. The bath containing the insulated sample probabl) 
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Table XIII 


Weight Change of Rectangular Samples (0.307x0.98x2.1 Inches) Nitrided in a Bath Free 
from Nickel Contamination. Comparison of Samples Preheated and Samples Not 
Preheated Prior to Nitriding 





Analysis of Gross 
—Bath-. Weight (Grams) Weight Change 
Preheat Nitriding Per Per Before After Net After in 

Degrees Degrees Cent Cent Ni- Ni- Change Scrub- Weight 
N Fahr Fahr. CN CNO  triding triding (Grams) bing (Grams) 
0] 0-20 min. 90—30 min. ope as 94.2645 94.2544 —0.0101 94.2519 —0.0126 
391 None 900—32 min. <-> 15.04 94.4139 94.4083 —0.0056 94.4068 —0.0071 
40 50—20 min. 950—30 min. tat i 94.5452 94.4810 —0.0642 94.4695 —0.0757 
11 None 950—32 min. “>-17 14.73 94.2165 94.1847 —0.0318 94.1783 —0.0382 
1000—20 min. 100—30 min. , , 94.1485 94.1033 —0.0452 94.0942 —0.0543 
None 1000—32 min. “4-44 14-48 94.2104 94.1819 —0.0285 94.1779 —0.0325 
41 1050—20 min. 1050—30 min. le aa ta 94.0727 94.0418 —0.0309 94.0324 —0.0403 
7 None 1050-32 min. 79-85 14.26 942279 94.2092 —0.0187 94.2074 —0.0205 
0—20 min. 1100—30 min. pare = 94.1026 94.0829 —0.0197 94.0795 —0.0231 
None 1100—32 min. 23.63 14.28 94.1072 94.1069 —0.0003 94.1039 —0.0033 
None 1100—32 min. a 94.1306 94.1356 +0.0050 94.1335 +0.0029 


1100—32 min. 7-16 14.74 946479 94.6258 —0.0212 94.6252 —0.0218 





circulated more freely while the perforated basket acted more or 
less as a baffle to convection. 

The insulated samples received more manual agitation after im- 
mersion due to the adjustment in spacing the bars as suspended 
from the glass rods. It may be possible that the low nitrogen re- 
sults obtained on samples No. C3 and No. C5 may have been due 
to chemical nonequilibrium in the bath due to nitriding/ immediately 
after cooling down from a higher temperature. 

Immediately following the nitriding of each pair of analytical 
samples there were nitrided a pair of treated and ground high speed 
steel samples approximately 0.307 x 2.17 x 0.98 inches, one of which 
was preheated and the other not preheated. These samples were 
careiully prepared and weighed. After nitriding, the samples were 
reweighed, both before and after scrubbing with emery powder and 
oil to remove surface smudge. The results of this test are given in 
Table XIII. The preheated samples show a greater loss in weight 
than companion samples not preheated probably due to the erosion 
by the bath of the thin layer of oxide formed in preheating. There 
is a greater loss in those samples nitrided at 950 degrees Fahr. as 
compared to those nitrided at 900 degrees Fahr. There is a dimin- 
ishing loss in weight from 950 to 1100 degrees Fahr. which may be 
explained by the increased amount of nitrogen absorbed with increase 
in temperature. The small change in weight of sample No. 381 led 
us to nitride a duplicate sample at 1100 degrees Fahr. One sample 
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was immersed without preheating as before and another sample. 
also not preheated, was electrically insulated. It was found that the 
electrically insulated sample increased in weight while the yop. 
insulated sample had decreased in weight. It was this discrepang 





that caused the investigation of the galvanic action of the bat) 
which was described earlier in the paper. 

7. The Hardness of the Nitrided Surfaces. It has long beer 
recognized that the hardness at the surface of hardened and ter. 
pered high speed steel is greatly increased by the nitriding process: 
it has not been generally recognized that the surface hardness oj 
annealed high speed steel is increased to about the same hardness 
as the surface of hardened and tempered high speed steel when the 
annealed high speed steel is subjected to the nitriding treatment. 
This can be explained by the fact that the depth of the hardened 
case resulting from a short immersion period is so extremely shal. 
low that when it is tested by a file the surface is broken even with 
a very light pressure. 

Observations from tools in use have indicated that the nitride 
cases of hardened and tempered high speed steel apparently vary 
greatly in brittleness. About the only test possible to gage this 
brittleness has been to nitride a sharp-edged hardened high speed 
steel tool for from 10 to 20 minutes and scratch a pane of common 
window glass with it. A brittle edge will have dulled noticeably after 
scratching an inch or two, while a properly nitrided edge should 
scratch 10 or 15 inches without appreciable dulling ; under the best 
conditions even as much as 60 inches of window glass may lb 
scratched by such a tool before becoming excessively dulled. 

While the nitrided surface of a high speed steel tool is ex. 
tremely hard, none of the present-day hardness testing methods 
permit of a quantitative evaluation of this superhardened surface 
The Brinell, Rockwell and Firth-Vickers tests give little or no in 
dication of increased hardness. The Superficial Rockwell, the Mono- 
tron and the Firth-Vickers using light loads give a quite consistent 
indication of an increased hardness. However, the order of differ- 
ence, that of several points, is too small to be of much consequence. 

In practically all of the literature on hardness the distinction 
between surface and internal hardness is the distinction between the 
location of the test areas (or impressions) in respect to the speci- 
men as a whole. The word “surface” as used in hardness testing 
is given a broad terminology even as we have given it in this inves: 
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tigation. The word “surface” as frequently used covers consider- 
able territory beyond that of area. 

One may harden a 1.00 per cent carbon tool steel and measure 
the hardness of one of its surfaces by means of the Rockwell or 
other hardness testing instruments. The tool or specimen may be 
cround all over and again one may measure the hardness of the new 
“surface”. One may section the tool with a rubber nicking wheel, 
thereby creating new surfaces. When the hardness of the sectioned 
surfaces is determined the values are usually designated as the in- 
terna! hardness. 

The usual methods of measuring hardness do not evaluate the 
surface hardness of any surface, in fact a relative evaluation of the 
hardness number of a surface may never be made unless some fu- 
ture genius may devise a ray of light reflection method. Since the 
definition of surface is that which has area but no depth, then no 
method which requires depth could permit of an evaluation of the 
relative surface hardness. All the present-day methods of hardness 
testing require a relatively thick specimen. The depth of the im- 
pression or the influence of the depth on an impression is so great 
that only an average hardness number of a considerable three di- 
mensional or hemispherical space is obtained. 

Concurrently with the analytical samples listed in, Tables IV. 
V and VI, there were nitrided a number of treated high speed steel 
samples for hardness and microscopic examination. The test sam- 
ples were made from bars 7g x 17g inch cut to 1%-inch lengths. 
The steel had the following composition : 

; Mn P 2 Si Cr Ni V WwW 
0.685 0.21 0.021 tr. 033 3.99 0.078 0.97 17.84 

In all the “surface” hardness tests and the microscopic exami- 
nations to follow, the test samples were from bars of this same size 
and were from this heat of steel. 

The test samples were prepared by milling off 0.045 inch from 
the two broad sides, and 0.015 inch from the two thin sides. The 
samples were treated as follows: 


1550 degrees Fahr.—12 minutes 

2350 degrees Fahr.— 2 minutes 15 seconds—Quench in oil 
1080 degrees Fahr.—13%4 hours 

Rockwell C—63.5-63.75 


After tempering, the samples were trued on the two broad sides 
by grinding and an additional 0.003 inch removed. The thin sides 
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Table XIV 


Approximate Depth of Nitrided Case As Indicated by Microscopic Examination 
Both Aged and Fresh Bath Used, with a Nickel Alloy Pot 





a, 
Approximate 
Microscopic Deptt 
Per Cent Rockwell of Nitrided 


Preheat Continued (CN) --Hardness—~ Case— 
Sample 30 Min. Heating Nitriding of A Cc Etchant 
No. at Temp. Minutes Minutes Bath Scale Scale 4% Nita! 
1 ee weeree > >: rer heck. ees 850° F.— 30 23.7 83.25 63.75 None 
2 850° F.—30 850° F.—30 None a 83.2 63.75 Cogiin. 
nes: gaeeeemane 950° F— 30 23.6 83.25 63.75 0.0005" 
4 950° F. 950° F.— 30 None sail 83.25 63.75 ieeies. 
*20 1050° F +2 aveeiabes 1000° F.— 30 20.47 83.2 63.5 0.0010” 
21 gl canon cas ea ane 1000° F.— 30 20.47 83.2 63.7 0.0015” 
19 ee ee ee 6 dea 1000° F.— 30 21.6 83.25 63.5 0.0015” 
10 1000° F.—30 1000° F.— 30 None bib 83.0 ns ae 
5 ee se coe 1150° F.— 30 20.3 82.25 62.0 0.0025 
6 1150° F.—30 1150° F.— 30 None so aa 82.25 62.0 secs 
*11 wes. | Sees oe 1250° F.— 30 20.2 78.5 55.0 0.0035 
12 1250° F 1250° F.— Ww None ea 78.5 me sxeeee. 
22 a ee 1050° F.—180 20.2 83.9 64.2 0.0032 
"14 1050° F. 1050° F.—180 None sane 83.2 Guae < dectasa 
23 es? 8 NI rR eee 1050° F.—360 19.8 84.0 64.3 0.004” 
*25 1050° F. 1050° F.—360 None ~~ 83.0 63.4 Sesh 
15 ee on oe ee 1050° F.— 30 44.8 83.0 63.5 0.001” 
17 re ee 1050° F.— 30 44.8 83.0 63.5 aoa 
*18 ES = Sw NT : 1050° F.— 90 44.8 83.0 63.5 0.002” 
*16 ES Bos) a eae ; 1050° F.— 90 44.8 83.0 Gee ~Aeackde 
*8 nC = 0 Pa a ee 1050° F.— 90 20.2 83.25 63.5 0.002” 
*13 1050° F. 1050° F.— 90 None ise 83.25 63.75 mi 
7 RN ga a oe eee (see note?) witas 83.0 62.5 0.004” 
24 Re ed are ea (see notet) ee 83.0 62.5 be 











*Top surfaces of these samples were not lapped prior to preheating or nitridi: 
treatments, “as ground” surfaces nitrided. 

TCuriosity nitrided samples. These samples were placed in the nitriding bath at 
7:00 P. M. at about 1175 degrees Fahr. and left in the bath over night. The bath was 
kept molten by means of a small current input, using a transformer. Temperature 
dropped to 825 degrees Fahr. by 8:00 A. M. the following morning. Bath was still molter 
with a top crust about %” thick but with a hole in the crust of about 1” diameter. The 
current was turned on using the regular control. Bath reached 1050 degrees Fahr. at 
9:00 A. M. The samples were left in the bath until 11:20 A. M. at this temperature 

Samples No. 15, 16, 17 and 18 were nitrided in a freshly prepared mixture of 0% 
NaCN and 40% KCN. 















and ends were ground to a clean surface only. After grinding ; 
number of samples were lapped on one of the broad surfaces. As 
treated, as lapped, and as nitrided one surface is denoted as the 
top side, which side was face upward on the trays in the nitriding 
basket. 

After all treatments the samples were nicked in half by means 
of a rubber nicking wheel. The lapped nitrided surfaces were then 
repolished to a sufficient degree to permit of micro hardness tests 
on the surface. One-half of each specimen was prepared for micro- 
scopic examination of the cross section of the nitrided case }) 
tightly clamping two samples together with a strip of 0.0015-inch 
thick copper sheet between, to preserve the edges against rounding. 

Hardness of the Nitrided Cases: Examination of Table XIV 
reveals that the Rockwell A and C scale numbers are not increased 
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Fig. 4—Rockwell A Impression on Surface of Hardened and 
Drawn High Speed Steel. Nitrided at 1050 Degrees Fahr. 11 Min 
ites. Unetched. X 100. 


by nitriding. Only samples No. 22 and No. 23 nitrided respectively 
3 and 6 hours show any increase in hardness and that of the order 
of about one point for each scale. With the exception of samples 
No. 1 and No. 2 all the nitrided samples show radial cracks around 
the Rockwell A and C impressions. The radial cracks around the 
Rockwell impressions increase in magnitude as the time of immer- 
sion is increased. It is difficult to discern the cracks around impres- 
sions made on ground and nitrided surfaces due to their being masked 
by the surface etching or microscopic pitting. 

[f one micro-polishes the surface prior to nitriding, the cracks 
are easily discernible at a magnification of 100 or less. Figs. 4 
and 5 are micrographs at 100 of Rockwell A impressions made 
on hardened high speed steel samples which were micro-polished 
and then nitrided respectively for 11 and 91 minutes at 1050 degrees 
Fahr. The radial cracks which increase in magnitude as the time of 
immersion is increased may readily be seen. The Rockwell testing 
of nitrided high speed steel surfaces is somewhat damaging to the 
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Fig. 5—Rockwell A Impression on Surface of Hardened and 
Drawn High Speed Steel. Nitrided at 1050 Degrees Fahr. 91 Min- 
utes. Unetched. x 100. 


diamond brales although not as hazardous as the use of brales i 
the testing of the nitrided cases of nitralloy steels. This is prob 


’ 


ably due to the hard “backing” of the hardened high speed steel. 

Most of the samples listed in Table XIV were micro-polished 
after nitriding on those surfaces which had been lapped prior t 
nitriding. The micro-polished samples were tested for hardness b) 
means of the Bierbaum Micro-character. The values obtained by 
this method were not deemed reliable indices of the hardness and 
have been omitted. Evidently the surface and subsurface carbides 
influenced the micro-cut to such an extent as to make the results 
useless. 

A micro-indentation test recently developed at the National 
Bureau of Standards suggested possibilities for evaluating the sur- 
face hardness of nitrided high speed steel. This instrument was 
devised by Messrs. C. G. Peters and F. Knoop, respectively, Chie! 
and Assistant of the Interferometry Section of the Bureau of Stand- 
ards. The indenter, hereafter referred to as the Knoop indenter, 
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was designed by Mr. Knoop, patented by him and the patent assigned 
to the U. S. Government. 

Fig. 6 is a sketch showing the detail of an impression made by 
the Knoop indenter. Fig. 7 is a sketch of the diamond indenter. A 
noteworthy characteristic of the type of indentation made by the 
Knoop indenter is the relatively large area of impression in relation 
to its depth. The major axis of an impression is about thirty times 
that of the depth. 

The test instrument consists of a dash pot controlled beam on 
one end of which the indenter is carried. The beam and weights 
which are accurately calibrated permit of indenting a test specimen 


under loads of 2000, 1000, 500, 200, 100 and 50 grams. 
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Fig. 6—Sketch Showing the Knoop Indenter Used in Mak- 
Detail of Impression Made ing the Micro-Indentation Tests. 


by the Knoop Indenter. Diamond Mounted in a Square Bar. 


A sample to be tested is first prepared with a micro-polished 
surface. In making an impression the specimen is brought close to 
but not in contact with the indenter. A cam release permits the 
indenter to descend onto the specimen. The rate of descent is con- 
trolled by the dash pot which is adjusted for a 3 mm. descent in 
about 10 seconds. The contact of the indenter under the pre- 
determined load is maintained for 20 seconds. The indenter is then 
raised by means of a lever attached to the cam. The indentation 
is magnified 100 to 500 times and the length of the major axis 
measured with a micrometer microscope. The hardness number 
which appears to be quite comparable to the Brinell number is com- 
puted by use of the following formulae: 
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Assuming the angles between the edges (Fig. 7) to be 130 an 
172 degrees then the constant area and indentation number may }, 


computed from the following expression : 


in which L equals length in microns of the major axis of the in. 
pression or indentation mark. 


The Indentation Number = 


Figs. 8 and 9 are micrographs at 200 which show the char. 
acter of the indentations made by the Knoop indenter at 1000-gram 


loads. 


The micro-hardness numbers included in this investigation wer 
obtained by the Bureau of Standards in probing the possibilities 
this test instrument for evaluating the hardness of the nitrided cases 
of nitrided high speed steel. 


Continued 
Heat- 
Preheat ing Nitriding 
30 Min. 30 XO 
Sample at Temp. Min. 
No. -— Degrees Fahr.——, 
] 850 None 
2 850 850 
3 950 None 
4 950 950 
21 1050 None 
10 1000 1000 
5 1150 None 
6 1150 1150 
11 1250 None 
12 1250 1250 





Projected Area 


Projected Area in Sq. m/m 


tan 4° x tan 65° 


4 


tan 4° x tan 65° 


2 


The micro-indentation hardness results 
are published with the permission of the Bureau as a contribution 
to the evaluation of the comparative hardness of thin layers of th 
surface of nitrided high speed steel. 

The micro-indentation hardness numbers tabulated in Table X\ 
are not to be considered reliable surface hardness values. 
the necessity of removing some of the surface in micro-polishin 
subsequent to nitriding more or less of the hard exterior wa: 
removed. However, a comparison of companion nitrided and non- 








Load in Kg 
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Table XV 
Micro-Indentation Hardness Numbers of Samples of Hardened High Speed Steel 
Listed in Table XIV 





2000 
776 
752 
881 
944 
769 
930 


817 


598 


Micro-Indentation Hardness 
-—— Number for Various Loads 
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wa : Fig. 8—Micrograph Se by the Knoop Indenter at 1000 Grams 
Load. Sample C of Table I. X 200. 
h Speed Steel Fig. $~-diliaeeass h of Impression Made by the Knoop Indenter at 1000 Grams 
— Load. Sample E of Table XVI. xX 200. . 
- Fig. 10—Internal Microstructure of Sample C. Etching Time 1 Minute. Etchant 
4 Per Cent Nital. x 500. ; mie 
Fig. 11—Internal Microstructure of Sample E. Etching Time 1 Minute. tchant 


lardness 4 Per Cent Nital. x 500. 

s Loads— a . 

le nitrided samples show a marked enhancement of the micro-indenta- 
838 844 tion hardness number due to nitriding. On sample No. 3 a hardness 
753 747 : 

10611104 number of 1104 at a 100-gram load is obtained compared to 810-822 
933 «878 for the companion sample not nitrided. Sample No. 21 was pre- 
812 802 . _—— 

1015 1023 heated at 1050 degrees Fahr. and in error nitrided at 1000 degrees 
924 90 Fahr. instead of 1050 degrees Fahr. The surfaces of this sample 


592 6 








were in the “as ground” condition prior to nitriding necessitating 
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« Nitrided in Aged Bath, 90 Min. -Micro Speciman - 8 
a - + «+ -— {80 -- -« - -022 
“ - + -« -»,J60 ~-- -o - “23 
° - -- New --, 90 ~ . - -916 

Dotted lines 4re Projected to Surface Hardness 
of Other Samples Given Same Time in Bath, Except *»* 
Which Surface Sample was Nitrided 300 Min 


Micro-Herdness, Number 


60 80 100 j 140 160 180 
Depth Below Surface, Microns 


Fig. 12—Micro-Hardness Gradients of High Speed Steel Samples 
Nitrided at 1050 Degrees Fahr. for 31 Minutes. Jnetched. xX 100. 
Load 50 Grams. 
the removal of a considerable amount of surface metal in micr 
polishing for the micro-indentation test. 

The surface of sample No. 11 nitrided at 1250 degrees Fab 
is considerably harder than the companion sample tempered only at 
1250 degrees Fahr. The surface hardness is considerably reduce( 
over that of samples nitrided at the lower temperatures due to th 
tempering of the high speed steel. The test results given in Table 
XV suggest a change in preparation technique if the hardness oi 
the surface is to be more accurately gaged; i.e., micro-polishing 
of the test specimens prior to nitriding, which procedure was thet 
followed. 

In order to determine the micro-hardness gradient, samples 
No. 8, No. 22 and No. 23 nitrided respectively 90, 180 and 36) 
minutes at 1050 degrees Fahr. in an aged bath and. No. 16 nitride¢ 
in a freshly prepared 60-40 mixture were sectioned with a nicking 
wheel. Two samples were clamped together tightly with a sheet 0! 
0.0015-inch copper between and micro-polished. 

The curves in Fig. 12 show the depth of impressions below tht 
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surface plotted against the hardness number at 50-gram loads. The 
dotted lines are projected to the surface hardness numbers of othe; 
samples nitrided at the same temperature for the same or similar 
periods of time. Sample No. 16 nitrided in a new bath shows the 
steepest hardness gradient and a low surface hardness. Sample No, 
23 nitrided for 360 minutes shows a steeper hardness gradient than 
sample No. 22 nitrided 180 minutes. This apparent discrepancy and 
the low hardness of the surface of sample No. 16 suggest the possi- 
bility of a reversible reaction as regards the absorbed nitrogen. 
Table XVI is a tabulation of the comparative surface hardness 
results obtained in testing micro-polished high speed steel specimens 
in the following conditions: (1) annealed; (2) annealed and 
nitrided ; (3) treated; (4) treated and nitrided in a freshly prepared 
60-40 NaCN-KCN mixture; and (5) treated and nitrided in an 
aged bath. The micro-indentation hardness numbers of annealed 
sample “L” at indentation loads of 500 to 2000 grams is 223 to 235 
which compares closely with the Brinell number of 227. Th: 
annealed and nitrided sample “M” (nitrided at 1050 degrees Fahr 


bh 

















for 31 minutes) shows a micro-indentation hardness number (at 100 
gram load) of 830 as compared to 744, 755 and 751 (the hardness 
numbers at 500, 1000 and 2000-gram loads) for fully treated sample 
“E”. As the indentation loads are increased in testing sample “M” 
the hardness numbers decrease due to the increased penetration of 
the indenter or the transmission of the load beneath the nitrided 
layer. The depth of penetration of the indenter for sample “M” 
is 8.3 microns (0.0003267 inch) for the 2000-gram load and 2.0 
microns (0.000079 inch) for the 200-gram loac. 

Sample “B” which was nitrided for 4 minutes in a freshly pre- 












pared 60-40 bath shows a higher surface hardness number (1028 
at a 100-gram load than sample “H” (860) treated for 4 minutes 
in an aged bath. Sample “A” nitrided for 31 minutes in the new 
bath shows a surface hardness comparable to sample “J” nitrided 
for the same time in an aged bath. There is a slight indication the 
hardness gradient of sample “J” is not as steep as sample “A”. 
Sample “F” nitrided in a new bath for 91 minutes shows a relatively 
low surface hardness but a suggested depth of hardness at least 
comparable to sample “A”. 

Samples H, I, J. and G nitrided respectively for 4, 11, 31 and 
91 minutes in an aged bath at 1050 degrees Fahr. show a progres- 
sive increase in hardness (or nitrogen penetration) for all indenta- 
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tion loads. Sample “D” nitrided for 300 minutes shows a somewhat 
lower hardness at 500 and 1000-gram loads as compared to sample 
“G” ynder the same conditions. The depth of the indentation marks 
on sample “D” is 5.5 microns (0.0002185 inch) for the 2000-gram 
load and 1.5 microns (0.0000590 inch) for the 200-gram load. 

Samples “C” and “FE” present an anomalous problem in that 
they show a considerable difference in surface hardness. All the 
samples listed in Table XVI were (1) cut from the same bar, (2) 
treated in controlled atmosphere furnaces at the same time on the 
same tray, (3) all were quenched in oil at the same time, (4) all 
samples were double drawn at the same time. All samples had been 
prepared for hardening by grinding 0.045 inch from each of the 
broad test surfaces. After treating all samples were “gang” ground 
to clean surfaces and an additional 0.003 inch removed from the 
broad surfaces. As hardened and as nitrided one surface was face 
upward as placed on the tray for hardening and in the basket for 
nitriding. The top surfaces were tested for micro-hardness. 

Sample “E” was repolished on the bottom side and tested for 
micro-hardness. Below is comparison of the micro-hardness num- 
bers obtained on the two surfaces of sample “E”: 


Hardness Numbers 
1000-Gram Load 500-Gram Load 
755 744 
769 768 
778 769 (near edge) 
814 794 (near center ) 


The bottom side of sample “E” appears to be somewhat harder 
than the top side. A microscopic study of the indentation marks in 
samples “C”’ and “E” indicates “C” to be more brittle (or harder) 
than “E”. The areas around the indentation marks on sample “C” 
show much more microscopic distortion or cracking than do the im- 
pressions on “E”. See Figs. 8 and 9. 

The high surface hardness induced in the surface of the an- 
nealed sample “M” by nitriding at 1050 degrees Fahr. for 31 minutes 
as indicated by the micro-indentation hardness is quite definitely 
supported by the micrograph, Fig. 13. This figure is a micrograph 
of a Rockwell “A” (60 Kg. load) impression at 100 on the 
nitrided surface of sample “M”. Note the radial and peripheral 
cracks in the hard surface around the Rockwell impression. The 
sinking of the hard case may be observed at the periphery of the 
jagged impression. 
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Table XVII 
Micro-Indentation Hardness Numbers of Treated, Micro-Polished and Nit 


Variable Temperature—Constant Time Ser 
Bath Free from Nickel Contamination 


Rockwell -————H for Loa 
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Micro-Indentation Ha 


Min. Per Per Repolishing 
Cent Cent After 

CNO Nitriding C Scale 2000 
900 25.55 15.04 Broadcloth 64.0 830 
950 25.17 14.73 Broadcloth 63.9 834 
000 24.44 14.48 Broadcloth 64.0 859 
050 23.83 14.26 Broadcloth 64.0 908 
100 23.63 14.28 Canvas and 63.8 963 








Broadcloth 













Speed Steel Specimens. 


Table XVIII 


Micro-Indentation Hardness Numbers of Annealed, Micro-Polished and Nitrided High 
Constant Temperature—Variable Time Series. 
from Nickel Contamination. Cyanogen (CN) 23 to 25 Per Cent 
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Sample 
No. 
90 
91 
92 
93 










94 





Nitrided 


1050° F. 
ll min. 
31 min 

61 min. 
121 min. 


181 min. 
241 min. 


301 min 


Nitrided 
1050° F. 
11 min. 
61 min. 
121 min. 
181 min. 


241 min. 


Repolishing 
After 
Nitriding 
Broadcloth 
Broadcloth 
Broadcloth 
Canvas and 
Broadcloth 
Canvas and 
Broadcloth 
Canvas and 
Broadcloth 
Canvas and 
Broadcloth 


Micro-Indentation Hardness Numbers 


1000 
373 
455 
584 


"Cc 
sad 


Rock- 

well ——H 
A Scale 2000 

60.0 307 

59.8 363 

59.8 449 

59.8 610 

60.0 718 

59.6 737 

59. 5 747 


Nitrided High Speed Steel Specimens. 


Table XIX 
Micro-Indentation Hardness Numbers of Hardened, Double Drawn, Micro-Polished and 
Samples Run Concurrently with Annealed 


1000 : 
860 868 
881 909 
954 1012 
959 1033 

1027 1044 





92 
1048 
1070 


1020 


Bath Free 


for Loads in Grams—— 


Specimens of Table XVIII 


Repolishing 
After 
Nitriding 
Broadcloth 
Broadcloth 
Broadcloth 
Canvas and 
Broadcloth 
Canvas and 
Broadcloth 


Rockwell 

C Scale 2000 
63.7 833 
64.0 970 
64.2 1018 
64.0 1057 
63.8 1067 














Sample 
No, 
100 
101 
102 
103 
104 















Nitrided 
1050° F. 
11 min. 
31 min. 
61 min. 
121 min. 
181 min. 


sulated Nitrided Specimens. 


Repolishing 
After 
Nitriding 
Broadcloth 
Broadcloth 
Broadcloth 
Broadcloth 
Broadcloth 


500 200 
457 572 
583 752 
704 R29 
850 R26 
768 698 
727 650 
654 06H 


1000 500 
871 898 
1042 1042 
1062 1067 
1097 1102 
1095 1097 





Micro-Indentation Hardness Numbers 
for Loads in Grams—— 


Rockwell -———H 
C Scale 2000 1000 
63.5 851 917 938 
63.6 956 976 1014 
63.0 965 1004 1042 
63.1 1048 1079 1093 
0 1064 1080 





100 
667 
778 
855 


768 


Micro-Indentation Hardness Numbers 
{ for Loads in Grams—— 


200 
G47 
1080 
1097 
1114 


1081 


Micro-Indentation Hardness Numbers of Treated, Micro-Polished and Electrically |0- 
Constant Temperature—Variable Time Series. Bath Free 
from Nickel Contamination. Cyanogen (CN) of Bath 23 to 25 Per Cent 
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200 10 
90) WA) 
92 99) 
1048 1044 
1070 = 1100 
1020 1030 


Nitrided High 








Bath Free 
nt 
Numbers 
100 30 
667 748 
78 (753 
855 
768 
647 
ooo 
S52 Fig. 13—Rockwell A Impression on the Surface of a Sample 
of Annealed, Polished and Nitrided High Speed Steel. Sample 
Nitrided at 1050 Degrees Fahr. for 31 Minutes. Unetched. X 100. 
fable XVII is a tabulation of the micro-indentation numbers 
‘o-Polished and : ee r ; 
th Annealed | of various samples nitrided for 30 minutes at 900 to 1100 degrees 
En : Fahr. in 50-degree Fahr. increments. A temperature of 1050 de- 
-ss Numbers ; 
—— grees Fahr. for 30 minutes appears to produce the highest sur- 
$47 4 face hardness. The surface hardness of the 1100-degree Fahr. sam- 
1080 , a - 
1097. ple is less than that of the 1050-degree Fahr. sample, although the 
114 hae . e : ?, —* 
st depth of hardness penetration is greater. Fig. 14 shows the curves 
developed by plotting the nitriding temperatures (constant immersion 
re time) against the micro-indentation hardness of the surface. 
eres , Table XVIII shows the effect on the surface hardness due to 
lectrically In- nitriding annealed and micro-polished specimens at 1050 degrees 
s. Bath Free Fah . a . ; : a 
Cent ahr. for various periods of time. There is a progressive increase 
seater in hardness penetration as shown by the hardness numbers obtained 
am s—— — a % : > 
200 100 at 2000-gram loads. The maximum surface hardness appears to be 
oS attained in 61 minutes. There is a progressive decrease in hardness 
Stes trom 61 minutes to 300 minutes as shown by the numbers obtained 


+ deal at 100-gram loads. Fig. 15 shows the curves generated on the an- 
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Specimen Numbers 


Micro-Herdness Number 


1050 













Terpereture, F 


Fig. 14—Micro-Indentation Hardness of 
Hardened High Speed Steel After Nitriding 
for 30 Minutes at Various Temperatures. 






Specimen Number 
73 





75 46 


Micro-Hardness Number 


A) Annee/ed | 





200 
0 30 60 90 0 150 180 210 440 270 3X0 
Time, Minutes 


Fig. 15—Micro-Indentation Hardness of An 
nealed and Micro-Polished High Speed Steel After 
Serene at 1050 Degrees Fahr. for Various 

imes. 
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Specimen Number 
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Fig. 16—Micro-Indentation Hardness of 
High Speed Steel Nitrided at 1050 
Various Periods of Time. 
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Fig. 17—Micro-Indentation Hardness of 
Treated and Nitrided High Speed Steel Elec- 
trically Insulated During Nitriding. 
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nealed and nitrided specimens plotting the nitriding time against 
the micro-hardness number. 

Table XIX shows the influence of time on the micro-hardnes: 
of fully treated and micro-polished specimens nitrided at 1050 de. 
grees Fahr. for various periods of time. There is little difference jy 
hardness at 200-gram loads between a 61-minute period of immersjoy 
and 180 and 240-minute periods. A progressive increase in the 
depth of hardness penetration is indicated at 2000-gram loads 3; 
the time of immersion is increased. Fig. 16 shows the curves ob. 
tained by plotting the time of immersion against the hardness num. 
bers given in Table XIX. 

Table XX shows the effect on surface hardness due to electri. 
cally insulating fully treated high speed steel during nitriding at 1050 
degrees Fahr. These specimens were all prepared for the hardness 
testing after nitriding by a light polishing on the final broadcloth 
polishing wheel. The surfaces of all specimens as nitrided showed 
little difference as regards microscopic pitting. In Fig. 17 the tim 
of immersion at 1050 degrees Fahr. is plotted against the hardness 
numbers at various loads for the samples listed in Table XX. 

The nitriding of a decarburized high speed steel surface should 
be avoided. High speed steel which has been heated for hardening 
in salt baths or other media under conditions which tend to cause 
decarburization should preferably not be quenched in salt baths for 
hardening which contain cyanides. In the case of high speed steel 
the nitriding of a decarburized surface results in a brittle surface 
condition similar to that observed in the case of nitrided decarburized 
surfaces of the Nitralloy Steels.. Fig. 13 which shows the sinking 
and cracking of the nitrided surface of an annealed high speed stee! 
sample under a Rockwell A impression will illustrate the sinking 
which would probably accompany the nitriding of a decarburized 
high speed steel surface. 

Nitriding of high speed steel surfaces which have been decar- 
burized accomplishes little in a positive corrective way. However, 
the nitriding of ground high speed steel surfaces which have been 
abusively ground appears to serve as a very valuable corrective for 
at least some of the damage which may have been done in grinding. 

8. The Microstructure. The measurement of the nitrided cases 
is a somewhat difficult problem. As etched in 4 per cent nital a sec- 
tion of a nitrided case will show a more or less darkening of the 
outer or nitrided zone. This generally grades gradually into the 
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_ Figs. 18 and 19—Photomicrographs Showing the Variation in Apparent Nitrided 
Case Depth Due to Short Etching Time and an Etching Time which Develops the 
Structure of the Core. Sample 86. Fig. 18 Light Etch. Fig. 19 Normal Etch. 4 
Per Cent Nital. X 500. 

Figs. 20 and 21—Photomicrographs Showing the Variation in Apparent Nitrided 
Case Depths Due to Short Etching Time and an Etching Time Which Develops the 
Structure of the Core. Sample 104. Fig. 20 Light Etch. Fig. 21 Normal Etch. 4 
Per Cent Nital. x 500. 


lia —_ . . ° a 
lighter color of the core. The microscopic. measurement 1s some- 
what similar to the measurement of the case of a carburized steel, 


1 which we may measure (1) the hyper and eutectoid zones or (2) 


the case to the depth containing approximately 0.50 per cent carbon 
Pp g apt j P 


3) the total depth of case. It is further complicated, however, 
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Fig. 22—Sample No. 1. Nitrided 850 Degrees Fahr. for 30 Minutes. Etchant 
4 Per Cent Nital. X 500. ve 

Fig. 23—Sample No. 2. Same Heating Cycle as Sample No. 1. Not Nitrided. 
Etchant 4 Per Cent Nital. x 500. 

Fig. 24—Sample No. 3. Nitrided 950 Degrees Fahr. for 30 Minutes. Etchant 4 
Per Cent Nital. x 500. SB 

Fig. 25—Sample No. 4. Same Heating Cycle as Sample No. 3 But Not Nitrided. 
Etchant 4 Per Cent Nital. x 500. 


by the fact that the case of a nitrided high speed steel usually shows 
no structural gradation but only a color gradation. The case meas- 
urements here presented are therefore at best an estimation of the 
depth based on the darker color which develops on etching a nitrided 
case in 4 per cent nital. It is difficult to duplicate the same depth of 
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__ Fig. 26—Sample No. 21. Preheated 1050 Degrees Fahr. Nitrided 1000 Degrees 

Fahr. for 30 Minutes. Etchant 4 Per Cent Nital. x 500. 

Fig. 27—Sample No. 19. Nitrided 1000 Degrees Fahr. for 30 Minutes. Etchant 
4 Per Cent Nital. x 500. 

Fig. 283—Sample No. 10. Same Heating Cycle as Sample No. 19 But Not Nitrided. 
Etchant 4 Per Cent Nital. X 500. 
; Fig. 29—Sample No. 5. Nitrided 1150 Degrees Fahr. for 30 Minutes. Etchant 
4 Per Cent Nital. Note Nickel Plate on Surface. X 500. 


case or same color differences on repolishing and re-etching the 
same sample. The depth of case may vary due to one’s judgment 
as to the color line; also the color difference appears to be sensitive 
to etching time, etchant concentration and possibly differential sur- 
face oxidation after polishing and prior to etching. No investiga- 
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Fig. 30—Sample No. 11. Nitrided 1250 Degrees Fahr. for 30 Minutes. Etchant 
4 Per Cent Nital. Note Nickei Plate on Surface. x 500. 

Fig. 31—Sample No. 22. Nitrided 1050 Degrees Fahr. for 180 Minutes. Etchant 
4 Per Cent Nital. x 500. 

Fig. 32—-Sample No. 23. Nitrided 1050 Degrees Fahr. for 360 Minutes. Etchant 
4 Per Cent Nital. xX 500. 

Fig. 33—Sample No. 15. Nitrided 1050 Degrecs Fahr. for 30 Minutes in a 
Freshly Prepared 60-40 Mixture. Etchant 4 Per Cent Nital. x 500. 


tion of etching reagents was attempted. It is possible a_ better 
etchant may be developed. The case as measured by etching in 4 
per cent nital is not a measure of the nitrogen penetration. For 
example—micro sample No. 3 of Table XIV appears to show 4 
case depth of 0.0005 inch whereas the nitrogen analysis of the cut 
0.001 to 0.002 inch shows a nitrogen content of five times that of the 
steel itself. 













HARDENING HIGH SPEED STEEL 985 


(o> oP th. 
Boa ee 






ko 


Se. 
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mutes. Etchant 


nutes. Etchant 





Minutes in a _ Fig. 34—Sample No. 18. Nitrided 1050 Degrees Fahr. for 90 Minutes in a 
Freshly Prepared 60-40 Mixture. Etchant 4 Per Cent Nital. x 500. 

Fig. 35—Sample No. 8. Nitrided 1050 Degrees Fahr. for 90 Minutes. Etchant 
4 Per Cent Nital. x 500. 
Fig. 36—Sample No. 7. Nitrided 16 Hours Between 825 and 1175 Degrees Fahr. 
ible a_ better Etchant 4 Per Cent Nital. Xx 500. 

' ; Fig. 37—Sample No. 24. Nitrided at Same Time as Sample No. 7. Etchant 4 

etching in 4 Per Cent Nital. X< 500. 


ration. For 
s to show a 
is of the cut 
‘s that of the 


Micrographs (Figs. 29, 30 and 36) of samples No. 5, No. 11 and 
No. 7 nitrided respectively at 1150 degrees Fahr. for 30 minutes, 1250 
degrees Fahr. for 30 minutes and for 16 hours between 825 and 1175 
degrees Fahr. show a remnant grain outline close to the surface. 
Uhis probably does not represent a change in structure but rather, 
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Fig. 38—Sample No. 24. Unetched. X 500. 

Fig. 39—Sample No. 11. Etching Time 1 Minute. Etchant 4 Per Cent Nital. 
Body Structure—Quenched 2350 Degrees Fahr., Tempered 1080 Degrees Fahr. Nitrided 
1250 Degrees Fahr. for 30 Minutes. x 500. 

Fig. 40—Sample No. 18. Etching Time 2 Minutes 15 Seconds. Etchant 4 Per 
Cent Nital. Body Structure—Quenched 2350 Degrees Fahr., Tempered 1080 Degrees 
Fahr. Nitrided 1030 to 1070 Degrees Fahr. for 90 Minutes. x 500. 

Fig. 41—Sample No. 24. Etching Time 2 Minutes 45 Seconds. Etchant 4 Per 
Cent Nital. Body Structure—Quenched 2350 Degrees Fahr., Tempered 1080 Degrees 
Fahr. Nitrided 16 Hours at Temperature Between 825-1200 Degrees Fahr. x 500. 


we believe, delineates partially the austenitic grain boundaries due 
to the differential etching effect induced by the absorbed nitrogen. 

Specimens No. 7, No. 8, No. 18, No. 19, No. 21 and No. 22 
(Figs. 36, 35, 34, 27, 26 and 31 respectively) show a discontinuous 
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Fig. 42—Sample No. 5. Etching Time 1 Minute 30 Seconds. Etchant 4 Per 
Cent Nital. Body Structure—Quenched 2350 Degrees Fahr., Tempered 1080 Degrees 
Fahr. Nitrided 1150 Degrees Fahr. for 30 Minutes. X 500. 

Fig. 43—Sample No. 8. Etching Time 2 Minutes 30 Seconds. Etchant 4 Per 


er Cent Nital. 
Fahr. Nitrided 


Etchant 4 Per 


: Cent Nital. Body ee eeeeene 2350 Degrees Fahr., Tempered 1080 Degrees 
1080 Degrees Fahr. Nitrided 1050 Degrees Fahr. for 90 Minutes. X 500. | 
Etchant 4 Per Fig. 44—Sample No. 81. Treated High Speed Steel. Nitrided 900 Degrees Fahr. 
1080 Degrees for 30 Minutes. tchant 4 Per Cent Nital. X 500. ge 
‘ahr x 500 Fig. 45—Sample No. 83. Treated — Speed Steel. Nitrided 950 Degrees Fahr. 

: oy for 30 Minutes. tchant 4 Per Cent Nital. Xx 500. 

ndaries due } white rim. Specimens No. 5, No. 11 and No. 7 (Figs. 29, 30 and 
ed_ nitrogen. | 36) show continuous white rims. Sample No. 11 (Fig. 30) has a 
and No. 22 white rim approximately 0.00012 inch thick. The white discontin- 


iscontinuous | uous rims might be mistaken for carbides. Sample No. 11 appears 
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Fig. 46—Sample No. 85. Treated High Speed Steel. Nitrided 1000 Degrees Fah 
for 30 Minutes. Etchant 4 Per Cent Nital. x 500. 


Fig. 47—Sample No. 87. Treated High Speed Steel. Nitrided 1050 Degrees Fahr 
for 30 Minutes. Etchant 4 Per Cent Nital. x 500. 
Fig. 48—Sample No. 89. Treated High Speed Steel. Nitrided 1100 Degrees Fah 
for 30 Minutes. tchant 4 Per Cent Nital. x 500. 
Fig. 49—Sample No. 87. Surface of Micro-Polished and Nitrided High Speed 
Steel. Nitrided 1050 Degrees Fahr. for 30 Minutes. Unetched. x 200. 


quite obviously to be of the nature of a plate. 
zone is practically pure nickel which was plated onto the surface 
during nitriding, due to the bath being contaminated with nickel. 
Etched sample No. 18 (Fig. 34) shows a discontinuous white 
This sample was nitrided in a freshly prepared 60-40 mix- 


This outer white 


rim. 
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Degrees Fahr __ Fig. 50—Sample No. 95. Annealed High Speed Steel. Nitrided 900 Degrees 
Fahr. tor 30 Minutes. Etchant 4 Per Cent Nital. X 500. 

Degrees Fahr. __ Fig. 51—Sample No. 96. Annealed High Speed Steel. Nitrided 950 Degrees 
Fahr. for 30 Minutes. Etchant 4 Per Cent Nital. X_ 500. i 

Jegrees Fahr 3 -_— 52—Sample No. 97. Annealed High Speed a Nitrided 1000 Degrees 

Fahr. for 30 Minutes. Etchant 4 Per Cent Nital, x : 

High Speed _. Fig. 53—Sample No. 98. Annealed High Speed “Steel. Nitrided 1050 Degrees 
Fahr. for 30 Minutes. Etchant 4 Per Cent Nital. x 500. 

yuter white ture contained in a pressed steel pot. The bath became contaminated 

he surface with nickel due to the use of a pure nickel thermocouple protection 

1 nickel. tube. 

uous white The nitrided cases of samples No. 5 and No. 8 (Figs. 29 and 


90-40 mix- 55) show a lighter colored etched outer zone merging into a darker 








990 
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zone and the latter grading into the lighter colored core zone. Thi 
may be of some significance when reference is made to the humps 
in the micro-hardness gradient curves of Fig. 12. The curve {o, 
sample No. 8 shows an increase in hardness number of 860 to 99 
between a depth of 0.000590 inch (15 ») and 0.001141 inch (29 1) 
which compares with 0.000626 inch, the depth of the lighter colored 
outer dark zone of micrograph (Fig. 45) and 0.001 inch the approxi. 
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Fig. 53A—Sample No. 99. Annealed High Speed Steel. 
Nitrided 1100 Degrees Fahr. for 30 Minutes. Etchant 4 Per Cent 
Nital. xX 500. 








mate depth of the darkest area of the dark center zone. However, 
the micrographs of samples No. 22 and No. 23 (Figs. 31 and 32) 
do not show the lighter colored outer zone. 

Curiosity samples No. 7 and No. 24 (Figs. 36 and 37) which 
were nitrided for 16 hours show on the top sides after nitriding a 
crumbly brittle layer of 0.0002 inch in thickness. This could be 
chipped off by means of a sharp pointed tool. It appeared to be a 
built-up surface rather than a part of the high speed steel. Having 
learned that a cyanide bath may contain a small amount of nickel 
which may plate onto the surface of immersed high speed steel it 
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__ Fig. 54—Sample No. 100. Treated High Speed Steel. Nitrided 1050 Degrees 

es for 11 Minutes. Electrically Insulated During Nitriding. Etchant 4 Per Cent 
ital. x 500. 

__ Fig. 55—Sample No. 101. Treated High Speed Steel. Nitrided 1050 Degrees 

Pahe. for 31 Minutes. Electrically Insulated During Nitriding. Etchant 4 Per Cent 

sNital. x 500. 

__ Fig. 56—Sample No. 102. Treated High Speed Steel. Nitrided 1050 Degrees 

abe. for 61 Minutes. Electrically Insulated During Nitriding. Etchant 4 Per Cent 
ital. X 500 


al x A 

_. Fig. 57—Sample No. 103. Treated High Speed Steel. Nitrided 1050 Degrees 

vane for 120 Minutes. Electrically Insulated During Nitriding. Etchant 4 Per Cent 
tal x 500. 


was decided to check the matter of nickel contamination of the bath. 
One-half of sample No. 24, Table XIV, was dried and weighed on 
an analytical balance and then immersed in cold 25 per cent HNO,» 
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Fig. 58—Sample No. 104. Treated High Speed Steel. Nitrided 1050 Degrees 
Etchant 4 Per Cent 


Fahr. tor 180 Minutes. Electrically Insulated During Nitriding. 


Nital. xX 500. 
Fig. 59—Sample No. 100. Surface After Nitriding. Unetched. x 200. : 
Fig. 60—Sample No. 40. Hardened and Ground High Speed Steel. Nickel Plated 

and Nitrided 1050 Degrees Fahr. for 120 Minutes. Nickel Plate 0.00002 Inch Thick 

Etchant 4 Per Cent Nital. x 500. 

e No. 40 Except Plated with Nickel to 


Fig. 61—Sample No. 41. Same as Sampl 
0.00003 Inch Thickness Before Nitriding. Etchant 4 Per Cent Nital. x 500. 


It was observed that shortly after chemical 


attack of the surface had started, the surface became jet black 
in color suggestive of carbon which may have been trapped by th 


The sample was then removed after rubbing with 
The sample 


for about 20 minutes. 


deposited nickel. 
a rubber policeman and washing with distilled water. 
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was again dried and weighed. The difference in weight represented 
the weight of the analytical sample. Analyzed for nickel the striped 
nitrided surface showed 3.83 per cent nickel. The analysis together 
with the evidence shown in the micrograph of Fig. 37 indicates a 
rather pure plate of nickel of 0.0002 inch in thickness. Fig. 38 
shows a distintegrated surface about 0.0007 inch in depth. 

Figs. 44 to 48 inclusive show the etched edges of sectioned sam- 
ples 34x¥4x1 inch which were nitrided concurrently with the analyt- 
ical samples listed in Table X. Samples were treated and double 
drawn, then ground to remove 0.0003 inch of surface, micro-pol- 
ished and then nitrided as designated under the micrographs. 

Specimens No. 81 and No. 83 nitrided respectively at 900 and 
950 degrees Fahr. show a faint darkening near the nitrided surface. 
Specimens nitrided at 1000, 1050 and 1100 degrees Fahr. show a 
progressive increase in apparent case depth as shown by the darker 
and deeper case. 

Fig. 49 is a micrograph taken at 200 of the surface of sam- 
ple 87 nitrided at 1050 degrees Fahr. for 30 minutes. After nitrid- 
ing, this specimen was repolished very lightly on the final broadcloth 
polishing wheel and then micrographed. The relatively clear area 
shown in the micrograph is a portion of the bright areas one often 
sees on nitrided surfaces. 

Figs. 50 to 53 are micrographs of annealed high speed steel 
specimens 3¥gx¥%4xl inch which were micro-polished and nitrided 
concurrently with the analytical samples of Table X. The micro- 
graphs of the annealed samples nitrided for 30 minutes. at 900, 950. 
1000 and 1050 degrees Fahr. show no evidence of change when 
etched in 4 per cent nital. The sample nitrided at 1100 degrees 
Kahr. shows a faint but inconclusive darkening of the outer zone. 

Figs. 54 to 58 are micrographs taken at X500 of 4%x'4x1-inch 
samples electrically insulated during nitriding at 1050 degrees Fahr. 
for various times from 11 minutes to 180 minutes. All specimens 
after nitriding were repolished lightly on the final broadcloth wheel 
only. There appeared to be little difference of the surface of elec- 
trically insulated samples which were nitrided 11 minutes and 180 
minutes. Fig. 59 is a micrograph taken at 200 of the nitrided sur- 
taces of sample No. 100 which was given a light repolishing after 
nitriding. The etching pits shown in the micrograph of the specimen 
nitrided 11 minutes were only slightly smaller in diameter than the 
etching pits of specimen No. 104 which was nitrided 180 minutes. 
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9. The Nature of the Surface as Regards Pitting, Nickel Pla). 
ing, Appearance, etc. The nitriding of ground high speed steel sy,. 
faces in molten cyanides is accompanied by a surface etching o; 
microscopic pitting. This pitting, in the type of bath used in this 
investigation, has never been found detrimental since the depth of 
the pits is considerably less than the depth of grinding marks result. 
ing from good commercial practice. At least this is true within the 
limits of time and temperature usually employed for nitriding high 
speed steel. The observed microscopic pitting occurs for the most 
part in the matrix on the carbide borders. The pitting does not tend 
to surround the carbides. The tendency for molten cyanide baths 
to attack a discontinuity existing in the container or thermocoup| 
protection tube would suggest that a microstructural discontinuity 
would also be most vulnerable to attack. 

The nitrided surfaces of hardened high speed steel which are 
free from nickel appear very resistant to attack by 25 per cent nitric 
acid when immersed in same. Surfaces containing nickel as a re 
sult of nitriding in a bath contaminated with nickel are quite readil) 
attacked when immersed in 25 per cent nitric acid. When immersing 
surfaces containing nickel in the cold 25 per cent acid there is an 
avid attack in from 10 to 20 minutes with a rise in acid temperatur 
due to the chemical action. Samples whose surfaces were free from 
nickel showed after 6 hours immersion practically no attack and con- 
sequently no rise in acid temperature. 

To determine the effect of time and temperature as regards the 
etching or microscopic pitting of the steel surfaces by the bath a 
number of rectangular and round treated high speed steel samples 
were prepared. The steel used for this purpose had the following 
composition : 


+#-Inch Diameter 
Gj Mn P S Si Cr V Ni W 
0.71 0.23 0.016 tr. 0.31 3.93 1.03 0.078 17.88 
texlzs Inches 
e Mn P S Si Cr V Ni W 
0.685 0.21 0.021 tr. 033 3.99 0.97 0.07 17.84 


























A number of samples were rough machined to remove decarbu- 
rization and treated as follows: 


Preheat —1550 degrees Fahr. 

High Heat —2350 degrees Fahr. Quench in oil 
Drawn —1080 degrees Fahr. 13% hours 
Re-drawn —1080 degrees Fahr. 1% hours 
Rockwell C —63.5 
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Table XXI 


Weight Changes Resulting from Nitriding, Using Both An Aged and Freshly Prepared 
Bath with Nickel Alloy Pot 


Weight Weight 
Per Cent in Grams in Grams Change 

Nitriding (CN) Before After in Weight 
No. Minutes of Bath Nitriding Nitriding in Grams 
30R 850° F.— 32 22.49 106.7583 106.7479 —0.0104 
39R 850° F.— 32 21.85 107.5187 107.5025 —0.0162 
40R 850° F.— 32 21.30 106.6802 106.6704 — 0.0098 
31R 950° F.— 32 21.36 107.3000 107.2982 —0.0018 
32R 1050° F.— 12 21.30 107.5710 107.5694 —0.0016 
33R 1050° F.— 32 21.30 106.6889 106.6870 —0.0019 
34R 1050° F.— 92 20.75 106.0929 106.6787 —0.0142 
35R 1050° F.—180 20.40 107.0536 107.0206 —0.0330 
36R 1150° F.— 32 20.40 106.7349 106.7432 —0.0083 
37R* 1055° F.— 12 44.55 107.8475 107.8427 — 0.0048 
8R* 1055° F.— 32 44.55 106.7319 106.7268 —0.0051 
30C 850° F.— 32 22.49 126.5655 126.5538 —0.0117 
31C 950° F.— 32 21.36 126.9140 126.9025 —0.0115 
39C 950° F.— 32 21.36 126.4029 126.3896 —0.0133 
32C 1050° F.— 12 21.30 126.5494 125.5425 —0.0069 
33C 1050° F.— 32 21.30 126.4694 126.4643 —0.0051 
34C 1050° F.— 92 20.75 126.3124 126.2999 —0.0125 
40C 1050° F.— 92 20.75 125.7816 125.7575 —0.0241 
35C 1050° F.—180 20.40 119.3775 119.3426 —0.0349 
36C 1150° F.— 32 20.40 126.0744 126.0725 —0.0019 
37C* 1055° F.— 12 44.55 126.4449 126.4390 —0.0059 
38C* 1055° F.— 32 44.55 126.1144 126.1104 — 0.0040 





*Freshly prepared 60-40 mixture. Temperature + 15 degrees Fahr. 
Samples denoted R were rectangular—0.336x1.002x2.235 inches. 
Samples denoted C were round—0.759 inch diameter x 1.985 inches !ong. 





———————————————— 
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Table XXII 


Results of Nickel Determinations Made on Samples Obtained by Stripping Surface of 
Nitrided Samples of Table XXI with Cold, 25 Per Cent Nitric Acid 


LLL 


Nos. Wt. (Grams) Percentage *Net Grams 
Rectangular Analytical Nickel Nickel Added 
Samples Nitriding Sample in Sample to Surfaces 
30R 850° F. 0.6618 0.070 None 
32 min. 
SIR 950° F. 1.0459 0.32 0.0026 
32 min. 
32R 1050° F. 1.3268 0.105 0.00046 
12 min. 
33R 1050° F. 0.9709 0.21 0.0014 
32 min. 
4R 10950° F. 0.9896 0.72 trace 
92 min. 
35R 1050° F. 1.2449 0.187 0.00145 
3 hrs. 
36R 1150° F. 1.8307 0.164 0.0017 
32 min. 
37R 1055° F. 0.8963 0.084 0.00012 
12 min. 
8R 1055° F. 0.8348 0.090 0.00017 
32 min. 
: Cylindrical Samples 
IC 950° F. 0.4886 1.39 0.0065 
} 32 min. 
40¢ 1050° F. 0.6049 0.78 0.0043 
92 min. 


obtained by subtracting the amount of nickel present in the high speed steel, in 
ase 0.07 per cent. 





nnn 
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Fig. 62—-Sample No. 46. Same as Sample No. 40 Except Plated with Nickel to 
0.0001 Inch Thickness Before Nitriding. Etchant 4 Per Cent Nital. x 500. 

Fig. 63—Sample No. 46. Unetched. x 500. 

Fig. 64—Sample No. 47. Same as Sample No. 40 Except Plated with Nickel to 
0.0002 Inch Thickness Before Nitriding. Etchant 4 Per Cent Nital. x 500. 


The samples were trued by grinding all surfaces and an addl- 
tional 0.003 inch removed to a good smooth finish. All the samples 
were then scrubbed on all surfaces with fine emery and oil to remove 
“whiskers” and surface “hair” resulting from grinding, after which 
they were washed in benzol several times, dried and weighed. The 
samples were then nitrided at various temperatures for various perfl- 
ods of time. The samples were not preheated prior to immersion. 
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After nitriding, the samples were cooled in natural air, washed to 
remove adherent salt and then scrubbed on all surfaces with emery 
and oil to remove surface smudge. The samples were then washed 
‘n benzol, dried and weighed. The differences in weights repre- 
sented the change in weight due to nitriding. A number of the 
samples were then placed in cold 25 per cent nitric acid for about 
20 minutes. The surface of each sample was rubbed with a rubber 
policeman and washed with distilled water. The samples were again 
dried and weighed. The difference in weight represented the weight 
{ the analytical sample. Table X XI gives the results of the changes 
in weight of the rectangular and the round samples due to nitriding 

various temperatures for various periods. Table XXII gives 
the results of the nickel analyses of the stripped surfaces of the 
nitrided samples. 

Examination of Table XXII reveals an erratic pattern as 
regards the deposition of nickel from the bath on to the surface of 
the immersed samples. Sample 34R nitrided for 92 minutes shows 
practically no nickel added to the surface, whereas sample 33R 
nitrided for 32 minutes shows a considerable amount of nickel to 
have plated onto the surface. These samples were immersed at 
the same time, the only apparent variable being the time of immer- 
sion. Cylindrical sample 39C was nitrided to check rectangular sam- 
ple 31R. Even though the surface area of the cylindrical sample 
is smaller, the amount of nickel deposited is 2% times that deposited 

the rectangular sample. Cylindrical sample 40C was run to check 
rectangular sample 34R. Again there was a considerable disparity 
in the amount of nickel deposited. Practically no nickel was added 
to sample 34R, whereas sample 40C indicated a considerable plate. 

The efficiency of a nickel plated surface as a preventive to 
the absorption of nitrogen during the nitriding of the nitralloy 
steels by dissociated ammonia is well known. It was felt that high 
speed steel nitrided in a bath contaminated with nickel which plated 
onto the surface of immersed parts would also tend to act as a 
deterrent to the absorption of nitrogen. 

‘used cyanides are excellent electrolytes. Consequently, an 


out to determine if this would prevent the deposition of nickel. Sam- 
les were electrically insulated by placing them in iron wire saddles 
| suspending them from glass rods, care being taken to prevent 
any contact with the pot or furnace. 
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It was found that the nickel deposited on the electrically jngy. 
lated samples as well as on the noninsulating samples.  Seyer, 
treated and ground samples approximately 1x3¢x2 inches were ele. 
trically insulated and nitrided for 30 minutes and 2 hours at 105 
degrees Fahr. in a bath containing 0.0085 per cent nickel. T 

samples measured for thickness of the nickel plate after nitrid; 
showed the following: 


1 
ne 
Lit 


n 


sin 


Sample nitrided 30 minutes—thickness of nickel plate—0.00002 inch 
Sample nitrided 2 hours—thickness of nickel plate—0.00006 inch 


A number of treated high speed steel samples 43x1x2 inches 
were then nickel plated to various thicknesses of plate. Four of 
these samples were nitrided at 1050 degrees Fahr. for 2 hours in, 
bath containing about 0.002 per cent nickel. A pressed steel pot an 
a nickel thermocouple protection tube were being used. An inspec 
tion of the nickel plate after nitriding showed some erosion of t 
plate. It is possible little erosion might have taken place had th 
bath contained the saturation amount of nickel, viz.: 0.0085 per cent 
The samples were nicked in half and the cross sections of cases 
etched in 4 per cent nital and examined under the microscope fo 
depth of case. Below are given the results of this examination: 



















Sample Thickness of Microscopic Depth of Cas 
Number Nickel Plate at «500—Etched 4% Nit 
Inch Inch 
40 0.00002 0.002 
41 0.00003 0.002 
46 0.0001 0.0005 
47 0.0002 0.0008 





It is evident that a nickel plate while not preventing the absor 
tion of nitrogen does slow up the penetration considerably. 

a shorter period of immersion the effect of the nickel plate would 
probably interfere in still greater proportion than that resulting fro 
the 2-hour immersion. Micrographs of the nickel plated and nitrided 
samples taken at 500 are shown in Figs. 60 to 64. 

The sludge cake obtained by scooping the sludge from the bot 
tom of a nickel-free bath at 1050 degrees Fahr. by means of a per 
forated scoop or ladle was dissolved in distilled water and washed 
twenty times by decantation using about 150 cubic centimeters 0! 
water each time. The fine sediment first washing onto the filter 
paper (sample No. 200) and the balance of residue (sample N 
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202) were analyzed for chromium, vanadium and nitrogen. Washed 
sample No. 200 was quite black in color while sample No. 202 was 
a dark gray, but after drying at 220 degrees Fahr. both samples were 
brown in color. 


Sample No. 200 Sample No. 202 
(Fine Part of Residue) (Coarse Part of Residue ) 


Per Cent Per Cent 
Carbon juee 5.11 
Chromium 4.76 1.08 
Vanadium .08 00 
Nitrogen ss 1.31 


Several hundred hardened high speed steel test samples were 
sround all over and then nitrided at 1050 degrees Fahr. for 30 min- 
utes without preheating. Samples after cooling to room temperature 
were placed in distilled water until the adherent salt dissolved. The 
samples were then brushed with a clean steel brush to remove the 
brownish-black surface deposit. After filtering and washing with 
distilled water to the absence of chlorides and (CN) the residue 
(sample No. 203) was dried and analyzed with the following results : 


Sample No. 203 


Per Cent 
Chromium 2.93 
Vanadium 34 
Nitrogen 83 


When hardened and ground high speed steel is first withdrawn 
from a nitriding bath (free of nickel) the surfaces show a wet steely 
metallic lustre. Shortly after removal the surface (containing the 
adherent salt) comes to a yellowish color which changes as the room 
temperature is approached to a yellowish-green color with areas show- 
ing the characteristic reddish-brown color of Fe2Qs3. 

The analysis of the sludge shows a high percentage of carbon 
and chromium present with only a trace of vanadium. This is con- 
sistent with the known fact that the major portion of the chromium 
is found in the matrix of high speed steel. 

‘his paper has been titled as an introductory study as there 


remain a number of phases that have not been discussed, one of the 
most important of which is the compound that is formed by the 

en to cause the great increase in surface hardness. The study 
is being continued and it is hoped that additional information will be 


obtained which can be made the subject of a future paper. 
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SUMMARY 


1. The melting point of the bath is lowered after the bath ha: 
been used and it is possible to maintain the desirable amount 9; 
cyanate by making additions of 70 per cent sodium cyanide and 3 
per cent potassium cyanide. 

2. A freshly prepared bath will contain about 45 per cent 0; 
cyanogen while 2n aged bath will contain only about 24 per cen 
cyanogen. 

3. There are two zones of chemical activity within the bat! 
one at the surface where it is exposed to the air and the other wher 
contact is made with the surface of the high speed steel. 

4. If the bath is contained in a nickel alloy pot or if a nick 
protection tube is used for the thermocouple the bath will quick 
become contaminated with nickel. 

5. When the bath is contaminated with nickel the nickel wi 
plate onto the surface of the work and greatly affect the result 
Consequently, a nickel-free bath is preferable. 

6. The elimination of nickel from the nitriding bath produces 
a superior surface and even the appearance of the surface is chang 
from a dull gray to a metallic lustre. 

7. When the work that is immersed in the bath is not electr 
cally insulated there is a galvanic action, the effects of which are dis 
tinctly noticeable. 

8. Nitrogen determinations indicate that with 30-minute peri 
ods of immersion in an aged bath between the temperature of 8) 
and 1150 degrees Fahr. the major portion of the nitrogen 
within the first 0.001 inch of the surface. 

9. The brittleness of the surface of high speed steel that has 
been nitrided in a freshly prepared bath is apparently due to th 
steepness of the nitrogen gradient rather than to the amount oi 
nitrogen that is present. When the material is held a considerabl 
period of time in a freshly prepared bath the nitrogen diffuses 
deeper and the gradient is not so sharp and the surface is not un 
usually brittle. 

10. The process should never be used when, the surface 1s 
decarburized, because of the brittleness that results. Slight soften- 
ing of the surface from grinding prior to nitriding is not detrimental 

11. Reheating of the steel after nitriding within certain ranges 
will result in a considerable diffusion of the nitrogen. 
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\2. There appears to be no material difference in the amount 
of nitrogen that is absorbed between a piece of hardened high speed 
steel and a piece of annealed high speed steel. 

13. Under certain conditions the surface of the steel will have 
| sooty appearance and it may appear that there has been carbon 
absorption. The carbon content, however, is confined to the sur- 
face but may be entrapped near the surface by a nickel deposit, if 
the bath is nickel contaminated. Underneath this surface there does 
not appear to be a carbon absorption as the result of nitriding. 

14. It has been found possible to adapt the Knoop method of 
hardness testing to obtain the surface hardness of nitrided high speed 
steel. A surface hardness equivalent of over 1100 Brinell appears 
possible by properly nitriding fully hardened high speed steel. 

15. Microscopic examination of the nitrided area does not 
reveal the presence of any unusual constituent. The nitrided area 
is darkened more rapidly than the nonnitrided areas when etched 
with 4 per cent nital. On some specimens observed there was a dull 
gray area that would indicate further microscopic examination was 
justifiable. 

16. By careful observation of the surface of the material 
which had been nitrided it might be possible to make deductions as 
to whether or not the process is operating properly. 
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Appendix 


MetTuHop oF ANALYSIS FOR DETERMINING 
NITROGEN IN STEEL 


Dissolve 5 grams of clean drillings in 50 cubic centimeters o{ 


HCl (1.11 sp. gr.) in a 150-cubic centimeter beaker with gentle 
heat. Invert a larger beaker over the dissolving beaker to prevent 
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Apparatus for the Determination of Nitrogen 
in Steel. 


contamination. While the sample is dissolving, place in a 1000-cubic 
centimeter flask (see diagram) 500 cubic centimeters distilled water, 
40 grams sodium potassium tartrate, and 40 cubic centimeters sodi- 
um hydroxide solution. Light the flame under the flask and com- 
mence distilling off water. The air comes from the compressed air line 
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and is purified as it passes through a soda-lime tube and a bottle of 
1:4 H.SO,. It is well to follow the H2,SO, bottle with a tube of 
glass wool to remove any possible acid spray that might be present. 
The air takes the place of hydrogen supplied by mossy zinc—a 
source of gas often employed in nitrogen determinations. We have 
tried both and prefer the air method. If it becomes desirable, the 
rate of flow of air may be increased. The trap shown in the dia- 
sram has a few pieces of thin sheet glass in the bottom to prevent 
the beads above from falling through. It is also desirable to have 
a few large beads present. A pasteboard or asbestos jacket around 
the trap aids in preventing moisture from collecting there. 

No definite amount of water is distilled over before the intro- 
duction of the sample, but distillation is continued until about 25 
cubic centimeters of the distillate no longer gives any purple tint 
with brom cresol purple. Usually 200 to 300 cubic centimeters of 
distilled water suffices. 

The flame is now turned down a trifle and the iron solution is 
introduced into the bulb of the separatory funnel, the stopcock being 
closed. A 250-cubic centimeter Erlenmeyer flask containing 10 
cubic centimeters of 0.01 N. H2SQ, is used as the receiver, the liquid 
in the flask closing off the tip of the condenser. Samples high in 
nitrogen may require more than 10 cubic centimeters of standard 
acid. <A little water may be added, if necessary, to close off the tip 
of the condenser. The flame under the flask should be sufficient 
to prevent the liquid from sucking back. The pressure of the air 
through the capillary makes it possible to add the iron solution some- 
what more rapidly than when mossy zinc is employed. The tar- 
tarate produces a semi-colloidal solution that tends to prevent lump- 
ing. The iron solution is run in slowly in successive small portions, 
the contents of the flask being allowed to boil gently for a few min- 
utes after each addition. One must be careful not to boil the solu- 
tion too vigorously. 

After all the iron solution has been added, 150 cubic centimeters 
of distilled water is added through the separatory funnel in small 
portions. We have made the following test: 

After the system was free of volatile alkaline substances a 50- 
cubic centimeter portion of distilled water was introduced through 
the separatory funnel and 50 cubic centimeters of distillate caught. 
The distillate when titrated in the presence of brom cresol purple 

‘ator showed no ammoniacal substances. This shows that spe- 
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cial “‘ammonia-free’’ distilled water is not essential. 
not essential in the case of our distilled water. 

About 200 cubic centimeters of distillate is caught. This ; 
transferred to a 750-cubic centimeter Erlenmeyer flask and CO.. 
free air is drawn, by means of a suction pump, through the solutioy 
for 10 to 15 minutes. (CQOvs-free air made by drawing the ai; 
through a 30-inch column of soda lime.) Without shutting off the 
suction pump 4 drops of brom cresol purple are introduced and 0,0) 
N NaOH added from a burette until a greenish-pink color is ob 
tained. One more drop should give a pale violet. It is well to use 
a 3-hole stopper, permitting the tip of the burette to pass through 
one of the holes. In this way the COos-free air may be suckec 


At least it i 


through the solution during titration. 

A blank is carried through in the same manner as the deter 
mination, except that HCl has no steel dissolved in it. In caleu 
lating the nitrogen in a sample the number of cubic centimeters of 
0.01 N NaOH required to titrate the excess H.SO, is subtracted 
from the number required in the blank and the difference is multi- 
plied by the N factor of the standard NaOH. 

Solutions Required: 

Hydrochloric Acid. <A freshly opened bottle is used in pri 
paring a reagent of sp. gr. 1.11 (hydrometer). 

Sodium Hydroxide. 600 grams of pure stick NaOH is dis 
solved in 1 liter of water and digested on a Zn-Cu couple at 120 
degrees Fahr. for 48 hours. The liquid is then decanted and filtered 
into a clean flask, boiled for a few minutes to remove any ammonia, 
and sealed with a paraffined cork. The Zn-Cu couple is prepared 
by treating 50 grams of sheet zinc with a warm solution of CuSO, 
for 10 minutes. The copper solution is decanted and the zinc, co\ 
ered with spongy copper, is washed several times with distilled water 

0.01 N. H,SO,. Add 0.28 cubic centimeter concentrated H.SQO, 
per liter of water and check strength against 0.01 N NaOH. 

0.01 N NaOH. Make 0.1 N NaOH and standardize against 
Bureau of Standards’ potassium-acid phthalate. Dilute to make 
0.01 N. 

Brom Cresol Purple. 0.4 per cent aqueous solution. 

The necks of bottles containing reagents for nitrogen deter- 
mination should be protected from ammonium chloride in the labora- 
tory by having beakers turned down over them. 
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MerHop OF DETERMINING THE NITROGEN CONTENT OF SUCCESSIVE 
One TEN-THOUSANDTHS INCH OF SAMPLE 


For the determination of the nitrogen content of successive one 
ren-thousandths inch of surface, the data of Table VII is used. 
Hereafter, for convenience, samples N25, N21, N22, N23, and 
\'24 will be referred to as Samples No. 1, No. 2, No. 3, No. 4, and 
No. 5, respectively. The data of Tables IV and V also have been 
utilized, in that the values of 0.02 per cent nitrogen and 0.01 per 
cent nitrogen for the nitrogen contents of the layers 0.001 to 0.002 
inch and 0.002 to 0.003 inch, respectively, have been taken therefrom. 
Determination of the nitrogen content of First one ten-thousandth 
Inch: 

For the determination of the nitrogen content of the first one 
ten-thousandth of an inch, only the data concerning Samples No. | 
and No. 2 can be considered. This follows because Sample No. 1 
is the only one which contains the first one ten-thousandth, while 
Sample No. 2 is the only one which contains all the remainder of the 
first thousandth of metal whose nitrogen content is unknown. It 
will later be obvious that this is an unfortunate situation, for the 
data on Sample No. 2 appear erroneous. However, the computed 
value of 1.105 per cent nitrogen is at least indicative of the high 
nitrogen content of the first one ten-thousandth inch. 

Throughout this and all subsequent determinations it will be 
assumed that the weight of sample for each one ten-thousandth of 
cut will be the same. Since the original diameter of the samples 1s 
approximately 1.7150 inches, the error introduced by this assump- 
tion is of small importance. 

From Sample No. 1 were cut 0.0023-0.0000 inch or 23 parts 
whose average nitrogen content was 0.104 per cent. 

From Sample No. 2 were cut 0.0021-0.0001 inch or 20 parts 
whose average nitrogen content was 0.063 per cent. 

Thus, the elimination of the first plus the twenty-second and 
twenty-third one ten-thousandths has resulted in decreasing the aver- 
age nitrogen content of Sample No. 2. Since most of this decrease 
has resulted from the elimination of the first one ten-thousandth, the 
nitrogen content thereof can be found. 

Let X == per cent of nitrogen in first ten-thousandth ; 
and Y == per cent of nitrogen in second to tenth ten-thou- 
sandths, inclusive. 
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Then, 
(1) 0.104% N X 23 parts = 

X% N X 1 part + Y% N X 9 parts + 0.020% N X 10 parts 

+ 0.015% N X 3 parts 

Or in other words, the nitrogen content of Sample No. 1 js 
equal to the sum of the nitrogen contents of the first one ten-thoy 
sandth inch plus that of the next nine ten-thousandths inches plys 
that of the next ten ten-thousandths inches plus that of the next 
three ten-thousandths inches. 

It should be noted that the average nitrogen content of the 
range ten to twenty ten-thousandth inches is assumed to be 0.020 
per cent and that of the range twenty to thirty ten-thousandtl 
inches is assumed to be 0.010 per cent. A straight line gradient is 
assumed there between to give the values listed above. 

In similar fashion, from Sample No. 2 we have, 

0.063% N X 20 parts = 

Y% N X 9 parts + 0.020% N X 10 parts + 0.015% N 

part 

Solving for 9Y, we obtain the value 1.045 which is immediately 
placed in (1) to yield a value of 1.105 per cent N for X, the per- 
centage of nitrogen in the first ten-thousandth inch of Sample No. | 
Determination of the nitrogen content of Second one ten-thousandt 
Inch: 

From Sample No. 2 were cut 0.0021-0.0001 inch or 20 parts 
whose average nitrogen content was 0.063 per cent. 

From Sample No. 3 were cut 0.0022-0.0002 inch or 20 parts 
whose average nitrogen content was 0.067 per cent. 

Thus, the substitution of the twenty-second one ten-thousandth 
for the second one ten-thousandth resulted in having a higher aver 
age nitrogen content in Sample No. 3. This obviously is in error; 
however, the determination of the nitrogen content of the second one 
ten-thousandth is herein listed merely to show the manner in which 
it would be computed. 

Let W = per cent of nitrogen in second ten-thousandth ; 
and V = per cent of nitrogen in third to tenth ten-thou 
sandths, inclusive. 
Then, 
(2) 0.063% N X 20 parts = 
W% X 1 part + V% X 8 parts + 0.020% X 10 parts + 
0.015% X 1 part 
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and 

(3) 0.067% N X 20 parts = 
V% X 8 parts + 0.020% N X 10 parts + 0.014% N X 2 
parts 


Note: It should be noted that the nitrogen content values for 
the range twenty to thirty ten-thousandths are computed by inter- 
polation as explained previously. 

Now, solving for 8V from (3), we have 8V = 1.112 

Substituting this value in (2), we have W = —0.067 per cent 
nitrogen, or the nitrogen content of the second ten-thousandth is 
—0.067 per cent. 

While this value is perfectly possible from an algebraic view- 
point, it appears absurd. Naturally, either the experimental value of 
the nitrogen content of Sample No. 2 is too low, or that of Sample 
No. 3 is too high. It later will be seen that the former is very 
probably correct. 

Determination of the nitrogen content of Third one ten-thousandth 
Inch: 

From Sample No. 3. were cut 0.0022-0.0002 inch or 20 parts 
whose average nitrogen content was 0.067 per cent. 

From Sample No. 4 were cut 0.0023-0.0003 inch or 20 parts 
whose average nitrogen content was 0.056 per cent. 

Thus, the substitution of the twenty-third one ten-thousandth 
for the third one ten-thousandth resulted in having a lower average 
nitrogen content in Sample No. 4. This, naturally, is what was to 
be expected. The manner of computing the nitrogen content of the 
third one ten-thousandth inch is parallel to that employed in obtain- 
ing the value of that of the second one ten-thousandth inch; there- 
tore, only the equations employed are listed below. 

Let T = per cent of nitrogen in third ten-thousandth ; 
and S = per cent of nitrogen in fourth to tenth ten-thou- 
sandths, inclusive. 
Then, 
0.067% N X 20 parts = 

T% Y XK 1 part + S% N X 7 parts + 0.020% N & 10 parts 

+ 0.014% N X 2 parts 

and 

0.056% N X 20 parts 
S% N X 7 parts + 0.020% N X 10 parts + 0.014% & 3 parts 
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Since 75 is computed to be 0.878 from (4), T, the nitrogey 
content of the third ten-thousandth is computed to be 0.236 per cen 
from substituting value of 7S in (3). 

This value of 0.236 per cent nitrogen can be accepted with son, 
degree of plausibility. 





Determination of nitrogen content of Fourth one_ ten-thousandi) 
Inch: 

From Sample No. 4 were cut 0.0023-0.0003 inch or 20 parts 
whose average nitrogen content was 0.056 per cent. 

From Sample No. 5 were cut 0.0029-0.0004 inch or 25 parts 
whose average nitrogen content was 0.043 per cent. 

Thus, in effect, the substitution of the twenty-fourth one ten 
thousandth for the fourth one ten-thousandth (since the nitrogen 
content of the twenty-fifth to the twenty-ninth ten-thousandths ca 
be found by interpolation, it does not really influence the experi 
mental value from a computation viewpoint even though it must 
be considered) resulted in having a lower average nitrogen content 
in Sample No. 5. This, again, was to be expected. 

Now, let R = per cent nitrogen in fourth one ten-thousandth ; 
and S = per cent nitrogen in fifth to tenth one ten-thou 
sandths, inclusive. 
Then, 
(4) 0.056% N X 20 parts = 
R% N X 1 part + S% N X 6 parts + 0.020% N & 10 parts 
+ 0.014% N &X 3 parts 


and 

(9) 0.043% N x 25 parts = 
S% N X 6 parts + 0.020% N X 10 parts + 0.011% N x9 
parts 


From (5) the value of 6S is computed to be 0.N6. 

This results in yielding a value of 0.102% N for R (from (4) 
by substituting 0.776 for 6S) 

Thus, the fourth one ten-thousandth has a computed nitroget 
content of 0.102 per cent. 
Optional Method of Determining Nitrogen Content of Second on 
ten-thousandth Inch: 

Since it is known that the nitrogen content computed for Sample 
No. 2 is erroneous, the nitrogen content thereof can optionally be 
computed by finding the nitrogen content of the combined first and 
second one ten-thousandths and then subtracting that of the first 
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ten-thousandth therefrom to yield the nitrogen content of the 


one 
second one ten-thousandth. 

For this purpose, the data concerning Samples No. 1 and No. 3 
are used. 


Now, let P = per cent nitrogen in first and second one ten-thou- 
sandths ; 
and @ = per cent nitrogen in third to tenth one ten-thou- 
sandths, inclusive. 
Then, from Sample No. 1, 
0.104% N X 23 parts = 
P% N X 2 parts + 0% N X 8 parts + 0.020% N X 10 parts 
0.014% N X 3 parts 
and from Sample No. 3, 
0.067% N X 20 parts = 

0% N X 8 parts + 0.020% N &X 10 parts + 0.014% N X 2 

parts 

This yields a value of 1.112 for 80 and one of 1.028 for P, 
which further gives 0.514 per cent for P, the average nitrogen con- 
tent of the first and second one ten-thousandths. 

However, since the first one ten-thousandth, alone, has suf- 
ficient nitrogen to yield a nitrogen content of 1.105% — 2 or 0.553 
per cent nitrogen for these two ten-thousandths even if the second 
one ten-thousandth had no nitrogen, it is obvious that the second one 
ten-thousandth must have a negative nitrogen content to yield the 
computed value of 0.514 per cent average nitrogen content for the 
first two ten-thousandths. This negative nitrogen content is com- 
puted to be 1.028-1.105 or —0.077 per cent nitrogen or perhaps more 
clearly 2(0.514%-0.553%) which yields, again, —0.077 per cent 
nitrogen. 

Further Optional Method of Determining Nitrogen Content of 
Second one ten-thousandth Inch: 

In similar fashion to the computation just made, the nitrogen 
content of the second one ten-thousandth can be determined by com- 
puting that of the first three ten-thousandths and substituting there- 
trom the already computed values of the nitrogen content of the first 
and that of the third one ten-thousandth to yield the nitrogen con- 
tent of the second one ten-thousandth. 

For this purpose, the data concerning Samples No. 1 and No. 4 
are used. 


Now, let N — per cent nitrogen in first three ten-thousandths ; 
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and M = per cent nitrogen in fourth to tenth one ten-thoy 
sandths, 

Then, for Sample No. 1, 

0.104% N X 23 parts = 

N% N X 3 parts + M% N X 7 parts + 0.020% N x 1 

parts + 0.014% N X 3 parts 

and from Sample No. 4, 

0.053% N X 20 parts = 

M% N X 7 parts + 0.020% N X 10 parts + 0.014% N 

2 parts 

This yields a value of 1.332 for 7M and one of 1.332 for 3N. 
which further gives 0.444 per cent for nitrogen, the average nitroge: 
content of the first, one three ten-thousandths. 

Now, the first one ten-thousandth, alone, has a nitrogen conten 
of 1.105 per cent, and that of the third one ten-thousandth is 0.23 
per cent. Combining these two, we have 1.341 as a figure indicatiy: 
of the actual nitrogen in both of these parts. This compares with ; 
value of 1.332 for the figure indicative of the actual nitrogen in tl: 
first three ten-thousandths ; thus, the second ten-thousandth inch ha: 
a nitrogen content of 1.333-1.341 or —0.009 per cent nitrogen. 


CoNCLUSION 


1. The computed nitrogen content data for Sample No. 2 
shows that the experimental data concerning this run are in error: 

(a) Because it yields negative nitrogen content values there 
for. 

(b) Because it influences the computation for the nitroge: 
content of the first one ten-thousandth to the extent that the com 
puted value therefor is obviously too high. 

2. No sufficient degree of accuracy concerning the nitroge 


content value of the second or third thousandth of metal is available, 
for the assumed values of 0.020 and 0.010 per cent, respectively, 
are subject to + 0.001 per cent nitrogen variation due to chemical 


experimental error. 


3. The probable nitrogen content values of each of the four 


ten-thousandths could be listed as follows if the experimental valu 


for Sample No. 2 had been approximately 0.08 per cent, which value 
it should approximate to be consistent with the other experimental 


runs comprising this series: 
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First one ten-thousandth—0.7-0.8 per cent nitrogen 

Second one ten-thousandth—0.35-0.45 per cent nitrogen 
Third one ten-thousandth—0.2-0.3 per cent nitrogen 

Fourth one ten-thousandth—O,.090-0.115 per cent nitrogen. 
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DISCUSSION 


Written Discussion: sy Vincent O. Stromberg, metallurgical engineer, 
lohn Bath & Co., Inc., Worcester, Mass. 

The paper which introduces study of the nitriding of hardened high speed 
steel by the use of molten cyanides was found to be most interesting and instruc- 
tive. The writer was most keenly interested in the discussions which deal with 
the hardness testing of cyanided cases on hardened high speed steel. The ques- 
tion is frequently asked us as to what the hardness of the surface might be on 
a hardened and thread ground high speed steel nitrided tap. Of course, a very 
quick test is to use a file. However, the author tried to satisfy his curiosity 
by trying to devise a method whereby we could determine the hardness of the 
case in such a way that we might refer to it in terms of either Rockwell “C” 
or Brinell numbers. 

The method used was not entirely original since the Mechanical Engi- 
neering Department of Worcester Polytechnic Institute once used this method 
to determine hardness of very thin sections of metal. However, the writer 
found this method to be a help in trying to make a determination of hardness 
on cyanided surfaces on high speed steel tools. In this method we make use 
f the Brale or Rockwell diamond penetrator which has a radius of curvature 
of 0.2 millimeter on the point and has an included angle of 120 degrees on its 
conical shape. With this penetration a small Brinell indentation is made. The 
standard Brinell machine has a 10-millimeter ball which is subjected to 3000- 
kilogram load. The Brale point might be considered to be a 0.4-millimeter 
“ball” which might be subjected to a lighter load which would be in some 
proportion to a Brinell tester. 

In the Brinell testing, the load on the ball might be considered to be pro- 
portional to the square of the diameter. 


3000 Kg 10 m/m ’ 
X Kg 0.4 m/m 
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3000 
10 


0.4 


3000 


X = 4.5 Kg or 10.584 pounds 















If a load of 4.5 kilograms and a ball of 0.4 millimeter diameter be ys¢, 
a miniature Brinell machine can be made which is exactly 1/25 size. Ther 
fore, any indentation made with this machine will be 25 times smaller thay - 
standard Brinell Indentation. 

Since the Brale is of conical shape and of dimensions shown in the figur 
it becomes first necessary to determine the maximum allowable penetratio; 
order to get an accurate reading. 





mee 


; <P 





AB 0.2 millimeters 






Angle DAB 30 degrees 


AD AB (COS 30 degrees 














AD=02 V3 0.17 





Maximum Depth of Penetration then 0.2000 0.1732, o1 
0.0268 millimeters or 
Since 1 millimeter 0.0394 inches 
Maximum depth in inches 0.00105 inches. 
To determine the diameter of impression 
DB 0.2 (sin 30) or 0.2 (%) 0.1 radius 
or 0.2 millimeter diameter of surface impression. 






In terms of a 3000-kilogram load a 10-millimeter ball 
0.2 «x 25 = 5.0 millimeter impression diameter 
5.00 143 Brinell. 





In assuming that high speed steel tested in this manner is always over 0- 
Rockwell “C”, it can be found that the depth of penetration will be no mor 
than 0.00005 inch. 

In studying hardness of nitrided cases, we have assumed a maximum cas 
depth of about 0.001 of an inch. Therefore, this hardness testing device will not 
allow the point to penetrate the case. 

In making the measurements it is quite obvious that the impressions 
very small. These impressions are measured under the microscope at a mag 
nification of 250 times. The diameter of the enlarged image is then measured 
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and the reading obtained is divided by 10. Then the Brinell reading can be 
obtained from a standard table based on 3000-kilogram load and 10-millimeter 
ball. Using this method, hardnesses of nitrided surfaces have been found to 
he 70 to 74 Rockwell “C” in a number of cases. Sometimes the hardness is 
less or greater depending on the condition of the bath, time, temperature, etc., 
as has been pointed out in the excellent discussion of Messrs. Morrison and Gill. 

Written Discussion: sy Edgar K. Spring, metallurgist, Henry Disston 
& Sons, Inc., Philadelphia. 

The portion of this paper dealing with reactions within the bath itself are 
extremely interesting as pointing definitely to methods of control of nitriding 
haths. Such control should serve to produce a more stable, dependable process, 
doing away with at least a part of those unexplained failures of the process 
experienced at times. 

If | read the paper correctly, I believe the writers consider a salt bath for 
nitriding should be confined to that process only and not diverted to cyaniding. 
The breakdown of the salt at the higher temperatures is appreciably more 
rapid. In spite of this, however, such double use of the bath is frequently 
resorted to and must cause early failure of the bath to properly perform the 
functions expected. 

The physical character of the case probably explains why nitrided cases 
n annealed high speed steel could be removed by filing. The great hardness of 
the case carries with it the characteristic of great brittleness. The relatively soft 
bars (annealed high speed steel) “gave” sufficiently under pressure so that the 
friable hard case cracked away and came off by spalling, not true filing, 
which accounts for the necessity of hardening and tempering the steel before 
applying the nitride case. While the case takes the wear of subsequent service 
it must be backed up by a sufficiently strong, stiff backing so that the inherent 
brittleness of the case does not become a cause of failure. 

The hardness numbers computed from the Knoop Indenter are about those 
computed for nitrided cases and published previously. This newer method, 
however, more surely establishes the order of hardness of nitrided cases con- 
firming the general conception. 

It is pointed out on page 980 that the nitriding of decarburized high speed 
steel and nitralloy should not be undertaken. This obviously applies to deeply 
decarburized surfaces. Might I ask the authors’ opinion of the reasonableness 
of nitriding where the decarburized depth is of the same order as that of the 
nitride case applied ? 

The authors are to be complimented on the thoroughness with which they 
have covered a method so old as to have had much less attention than its due. 

Written Discussion: By G. V. Luerssen, metallurgist, Carpenter Steel 
Co., Reading, Pa. 

This paper contains such a wealth of fresh and valuable information on 
the cyaniding of high speed steel, and embodies such a thorough survey of the 
subject, that discussion of the results becomes quite difficult. The authors are 
to be congratulated on the thoroughness with which they did their job, and 
particularly the completeness of the presentation of data. In pioneering work 
such as is represented by this paper, the presentation of as much original data 
as possible is extremely helpful to subsequent workers in the field. 
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Under the heading of “Galvanic Characteristics of the Bath” the . 
polarity during the first few minutes of heating is quite interesting, and 


ange j; 
L would 
like to ask if the authors have considered the possibility that this rapid chano 
might be explained by the actual heating of the specimen. I should fike , 
ask if the authors preheated any specimens to bath temperature before intr, 
ducing into the cyanide bath, comparing the galvanic behavior of these speci 
mens with those not so preheated. Such procedure would show definite! 
whether or not the temperature differential between the specimen and the bai! 
has an effect on the electrical potential. 


“+ 
} 
a 


The writers are to be congratulated upon a very comprehensive and yaly 
able contribution to the literature of high speed steel. 


Oral Discussion 
W. H. Witts:’ I merely want to ask a question regarding this pape: 
Have the authors noticed any connection between the < th of nitrided case an 
the susceptibility of tools given this treatment to chipping? I have run acros: 
instances where if the depth is appreciably over 1/1000 of an inch there js son 
danger of tools chipping. 
Authors’ Reply 


We appreciate the generous comments made on this paper. In regard 1 
Mr. Wills’ question about the possibility of gaging the brittleness of a nitric 
case by means of microscopic examination, it is questionable if one could 4 
this with any degree of sureness. Microscopically, there may be some eviden 
of brittleness but we have not been able to determine what this evidence might 
be. The character of the areas about the short micro-axis of the impressions 
made by the Knoop Indenter appears to be some gage of the brittleness of t! 
surface. With increasing brittleness there appears to be an increase in micr 
scopic distortion or cracking. 

Regarding Mr. Stromberg’s comment in connection with the use of th 
modified Brinell, it is indeed interesting and may be of value if given furthe: 
study. 

Mr. Spring raises the question of the reasonableness of nitriding wher 
the order of decarburization is of the same depth as that of the nitride cas 
Decarburization is a rather broad field as it is sometimes a matter of opinio 
if a surface is decarburized. Decarburization may be total or it may be partia 
to varying degrees. In the case of a partial decarburization which does not 
approach too closely that of total decarburization, nitriding would very prob 


ably be of value. Nitriding is also of some assistance in order to modify th 


extremely thin soft film found on the broad areas of hardened high speed steel 
as distinguished from the surface condition found on outside corners or 
sharp projections. 

Mr. Luerssen raises the question of the influence of the method of heating 
on the character of the galvanic curves. Preheating the specimens to the same 
temperature as that used in nitriding does alter the galvanic patterns in that 
the specimens are not anodic immediately following immersion. However 
there is little alteration to the positive millivoltage patterns. 


1Metallurgist, Allegheny Ludlum Steel Corporation, Dunkirk, N. Y. 
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THE TEMPERING OF HIGH SPEED STEEL 
By Morris CoHEN AND P. K. Kou 


Abstract 


The mechanism of tempering and secondary harden- 
ing in 18-4-1 high speed steel has been investigated by: 
means of X-ray, hardness, specific volume, electrical re- 
sistance, metallographic, dilatometric and magnetic meas- 
urements on hardened specimens tempered at several 
temperatures for times ranging from about one minute to 
several hundred hours. At some temperatures, single 
tempering was directly compared with multiple temper- 
ing. A detailed picture of the tempering process 1s pre- 
sented in which the secondary hardening is attributed to 
the precipitation of complex carbides from the residual 
austenite and the transformation of this austenite into 
martensite. The austenite transforms during the cooling 
from the tempering temperature, and the amount which 
transforms depends principally upon the time and tem- 
perature of the tempering treatment (hardening condit- 
tions being constant). The effects of other variables on 
the austenite transformation have also been studied. 

On the basis of these results, a_ straightforward 
explanation is offered to account for the reported differ- 
ences obtained from multiple tempering as compared with 
single tempering. 


HE tempering of high speed steel represents a vital part of its 

. normal heat treatment because of the phenomenon of second- 
ary hardening. Quenched or hardened high speed steel softens ap- 
preciably when tempered in the range generally used for plain car- 
bon and low alloy tool steels, but when the tempering temperature 
is raised to 1000 or 1100 degrees Fahr. (540, 595 degrees Cent.), 





_ Part of this paper is based on a thesis submitted by P. K. Koh in partial fulfillment 
of the requirements for the degree of Doctor of Science at the Massachusetts Institute of 
lechnology, February, 1939. 


A paper presented before the Twenty-first Annual Convention of the Society 
held in Chicago, October 23 to 27, 1939. Of the authors, Morris Cohen is 
assistant professor of physical metallurgy, Massachusetts Institute of Technol- 
ogy, Cambridge, Massachusetts, and P. K. Koh is associated with the Patent 
— and Axletree Company, Wednesbury, England. Manuscript received 
June 26, 1939. : 
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high speed steel develops a secondary hardness which is of 4, 
same order of magnitude as the original quenched hardness. Th, 
by tempering hardened high speed steel at 1050 degrees Fahr, (5; 
degrees Cent.), the quenching stresses may be relieved to a substay 
tial degree without much, if any, sacrifice of hardness. This is ; 
be contrasted with ordinary hardened tool steels which become ty 
soft for tool applications if tempered at this comparatively hig! 
temperature. 

The mechanism of tempering and secondary hardening in hig 
speed steel has received considerable study both in this country 
abroad. Yet, there are many phases of this problem which requir 
clarification. For example: (A) As a result of X-ray (1), densi 
(1), (2), (3), change in length (1), magnetic (3), (4), metal! 
graphic (1), (4), (5), and electrical resistance (3) studies on t 
tempering of high speed steel, it is now commonly believed tha 
the secondary hardening results from the transformation of residu 
austenite which has been retained by the quench of the previous 
hardening operation. Grossmann and Bain (1) have correlat 
most of this work and have presented the arguments supporting 
this mechanism of secondary hardening. Unfortunately, the X-ra 
technique, which in general is capable of yielding the most positi 
evidence of a crystal lattice transformation, becomes quite involv 
when applied to high speed steel because of the large number 
alloy carbide lines appearing in the X-ray photograms. The pioneer 
ing work of Grossmann and Bain (1) in this direction demo: 
strated that austenite is certainly retained in quenched high speed 
steel, and that this austenite transforms after tempering at 130 
degrees Fahr. (705 degrees Cent.), but no connection was show 
between the transformation and the secondary hardening by this 
method. The magnetic changes which occur during the tempering 
of high speed steel have been accepted by many investigators a: 
direct evidence of the austenite transformation, and while this as 
sumption seems justified, reference should be made to the work 0! 
Zavarine (7) and Smith (6) who found that the change from the 
paramagnetic to the ferromagnetic state in steel does not necessaril) 
coincide with the austenite-to-ferrite lattice transformation. The re- 
sults of the other types of measurements mentioned above are al! 
consistent with the austenite transformation hypothesis, but cannot 
be considered as conclusive proof. In fact, Houdremont, Bennek, 


The figures appearing in parentheses refer to the bibliography appended to this pape’ 
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and Schrader (8) have attributed the secondary hardening of high 
eta steel, at least in part, to the precipitation of alloy carbides 
‘rom a supersaturated matrix. Further X-ray studies seem neces- 
sary for a positive determination of the cause of secondary hardening. 

(B) Very little information is available on the effect of the 
‘ime of tempering. Most of the work on the secondary hardening 
of high speed steel has been confined to tempering times of one 
half to two hours, and the measured properties are usually plotted 
against temperature rather than time. This method of investiga- 
tion may not be sufficiently intensive to detect easily-obscured proc- 
esses in the tempering mechanism, such as are revealed in age- 
hardening studies by conducting measurements over prolonged 
periods of time at several temperatures (9). 

(C) Several papers (10-14) have appeared in foreign jour- 
nals which offer magnetic and dilatometric evidence that the residual 
austenite in hardened high speed steel does not transform at the 
tempering temperature but rather during the cooling from this tem- 
perature. It is surprising to note that this work has received little 
attention in this country. .Our own literature is meagre on this 
phase of the subject, and further investigation is warranted. 

(D) A question exists as to the relative merits of single and 
multiple tempering of high speed steel. Reports have been received 
that tempering high speed steel two or three times produces longer 
tool life and greater permanency of dimensions after final grinding 
than when the steel is tempered once for an equivalent length of 
time. This longer tool life has been ascribed variously to greater 
“toughness”, higher “fatigue resistance” and lower “notch sensi- 
tivity”. The quotation marks are used advisedly since these re- 
marks are based on the personal impressions (rather than experi- 
mental determinations) of several users of high speed steel. The 
authors are not aware of any investigation which has been designed 
to establish fundamentally the possible difference between single 

and multiple tempering of high speed steel. 

The present paper represents the results of a 2-year investiga- 
tion on the tempering of 18-4-1 high speed steel by means of Rock- 
well C hardness, X-ray, specific volume, electrical resistance, micro- 
scopic, dilatometric and magnetic measurements. Based on these 
studies, a detailed picture of the tempering mechanism in high speed 
steel is offered which, in turn, seems to clarify the controversial 


points enumerated above. 
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EXPERIMENTAL DETAILS 


Types of Measurement—The high speed steel used for thi 
investigation was obtained from regular commercial stock through 
the courtesy of Mr. James P. Gill of the Vanadium-Alloys Stee 
Company. The steel was received as annealed in the following three 
forms as shown in Table I. It is evident that these three steels {| 
within the usual classification of 18-4-1 high speed steel. 









} 
i 









Composition and Form of High Speed Steel Studied 


Heat Size of : ; Surface 
No. Stock Cc Mn S P Si W Cr V = Condition 
6854 “%” square 0.72 0.23 Tr. 0.016 0.36 17.84 3.92 0.98 Oxidized 
6852 %"” round 0.735 0.22 Tr. 0.018 0.32 17.84 3.98 1.17 Slightly 


Oxidized 
5988 +.” round 0.71 0.24 Tr. 0.016 0.28 18.01 4.11 1.02 Bright 

















The oxidized surface of the %4-inch square and the %-inch 
round stock was completely removed by grinding in order to pre- 
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Fig. 1—Shape of Specimens Used for the X-ray, 
Metallographic, Hardness and Specific Volume Measure- 
ments. 
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vent possible decarburization by the oxide during the subsequent 
heat treatment. The %4-inch square bar was then cut into ™%-inch 
lengths, and one longitudinal surface of each cube was cylindrically 
ground (concave) to approximate the curvature of a Phragmen 
X-ray camera. As shown in Fig. 1, these specimens were used for 
X-ray studies on three cameras, for microscopic examination, and 
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‘or hardness as well as specific volume determinations. The term 
specific volume, rather than its reciprocal, the density, will be used 
throughout this discussion because it can be correlated more readily 
with the dilatometric data. 

The X-ray pictures were taken on a No. 2 (intermediate range) 
Phragmen camera (15), a No. 3 (outer range) Phragmen camera 
(15), and a back-reflection (precision) camera (16) using chro- 
mium radiation from a modified Hagg X-ray tube (16). The No. 
? Phragmen photograms were used for checking the crystal struc- 
ture of the carbides, for measuring the positions and intensities of 
the residual austenite lines, and for examining the quality of the 
martensite or ferrite lines. The No. 3 Phragmen photograms sup- 
plied additional lines for checking the structure of the carbides, but 
these lines obscured those of the austenite. The back-reflection 
photograms were used to determine the lattice parameters of the 
ferrite and carbides. No austenite lines appeared in the back-re- 
flection pictures, and hence the lattice parameters of the residual 
austenite had to be determined from the less precise No. 2 Phrag- 
men photograms. However, the carbide lines were quite sharp. 
and their positions did not change as a result of hardening and 
tempering. By measuring the positions of the austenite lines with 
reference to a certain intense carbide line (whose position was ac- 
curately known from the lattice parameter measurements made with 
the back-reflection camera), the austenite lattice parameters could 


be measured to + 0.003 A.U. The relative intensities of the aus- 
tenite lines were determined at critical stages of tempering at 1050 
degrees Fahr. with a recording microphotometer. Except for the 
annealed high speed steel, the ferrite lines were quite broad even 
though the specimens were deeply etched to relieve surface strains. 
For this reason the ferrite parameters have been plotted as a range 
of values corresponding to the width of the unresolved K e« (211) 
line in the back-reflection photograms. 

The hardness readings were made with a new Rockwell hard- 
ness tester. The machine was checked with a standard hardness 
block before each set of readings. At least five, and sometimes ten, 
readings were taken at each tempering interval. It is believed that 
the results are accurate to + % unit on the Rockwell C scale. 

The specific volume determinations were made by the well 
known method of weighing in air and in distilled water. By reduc- 
ing the surface tension of the water with a trace of a wetting re- 
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agent,” and by carefully cleaning the specimens, the specific yg. 
ume of any given specimen could be checked to + |] 


part in 
100,000. However, since the annealed stock varied by + 2 parts it 


10,000 from sample to sample, the latter range is taken as the ey. 
perimental error in this work. All of the specific volume resy}. 
have been referred to a room temperature of 72 degrees Falir. afte, 
making the usual corrections for the suspension wire and the densi 
of the water. 

The dilation measurements were made on a %-inch round 
stock with a dilatometer described by the American Society {o; 
Testing Materials (17). The dial gage, which directly indicate 
the changes in length of a 4-inch specimen, could be read to + , 
of a division or + 0.00001 inch. Seven critical runs were repeated 
on a Leitz recording dilatometer, and the results were in excellent 
agreement. 

The electrical resistance determinations were carried out at 77 
degrees Fahr. on 3-inch lengths of the ;'y-inch diameter stock, usi 


ily 


a Kelvin bridge having an accuracy of + 0.1 per cent. However 


since consecutive 3-inch lengths of the annealed steel varied by a: 


much as + 1.0 per cent, the changes in resistance during tempering 
have been plotted to the nearest per cent. 

Magnetization versus temperature measurements were made 0 
'4-inch lengths of the +y-inch stock to determine the possible exist 
ence of a cementite Curie point® in the annealed and heat treated 
steel. Additional runs were made on the %-inch stock to substan 
tiate some of the dilatometer results. The apparatus used has beet 
described in detail by Buehl and Wulff (18). It consisted essen- 
tially of a torsion balance arranged to measure the force exerted 
on a small specimen which was suspended in a furnace in a magnet 
field of uniform gradient. 

Heat Treatment and Preliminary Tests—The high speed steel 
specimens were hardened by oil quenching from 2350 + 10 de 
grees Fahr. (1290 degrees Cent.). No preheat was used becaus 
of the small size and simple shape of the specimens. The high heat 
treatment was carried out in a globar furnace provided with a car- 
bonaceous muffle. This nonoxidizing atmosphere was used in oF 
der to permit longer soaks, and hence to obtain a more uniform 


2*Sorbitol Laurate”’ furnished by the Atlas Powder Company gave excellent 


These magnetic measurements were made by Mr. A. M. White and were s bmitt 
in the form of a Bachelor’s thesis at the Massachusetts Institute of Technology. 
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solution of the carbides than was possible in an oxidizing atmos- 
phere. A superficial carbon pick-up was noted on the specimens, 
but this was carefully removed with emery paper before proceeding 
with the tempering tests. 

The %4-inch cube specimens were heated for 12 minutes in 
the high heat furnace prior to the oil quench. A uniform grain 
size was produced, and most of the specimens had Rockwell C 
readings of 65.8 to 66.4 and specific volumes of 0.11546 to 0.11551 
cc./gm. The few specimens which had values outside of this range 
were discarded. The %-inch and ;%-inch specimens were heated 
for 6 and 5 minutes respectively in the high heat furnace since 
these treatments produced the same grain size as was obtained in 
the 14-inch specimens. 

Specimens thus hardened were tempered for lengths of time 
ranging from about one minute to several hundred hours at tem- 
peratures of 212 and 350 degrees Fahr. (100 and 175 degrees Cent.) 
in oil, at 550, 750 and 900 degrees Fahr. (290, 400 and 480 degrees 
Cent.) in molten salt, and at temperatures of 1000, 1050 and 1150 
degrees Fahr. (540, 565 and 620 degrees Cent.) in molten lead. 
These tempering temperatures were controlled to + 5 degrees Fahr. 
Liquid baths were used for the tempering in order to bring the 
specimens up to temperature rapidiy, and hence to enable an accu- 
rate determination of the tempering time. 

Except for the dilation and magnetic measurements, which were 
made at the tempering temperatures, the rest of the measurements 
were carried out at room temperature. For each tempering tem- 
perature, a series of specimens was used, each specimen being tem- 
pered for a different length of time. This will be referred to as 
single tempering in this paper, since each specimen was tempered 
only once. In addition, multiple or intermittent tempering was car- 
ried out at 550, 1050 and 1150 degrees Fahr. (290, 565 and 620 
degrees Cent.) ; that is, the tempering treatments of the specimens 
were interrupted at periodic intervals, by cooling the specimens to 
room temperature for the measurements, and then they were re- 
turned to the tempering baths until time for the next measurements. 

The influence of the rate of cooling following the tempering 
was given careful consideration since it was necessary to cool rap- 
idly in order to make an accurate determination of the tempering 
time, and yet it was important to avoid extraneous effects due to 
cooling stresses. To investigate this variable, three hardened %4- 
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inch cube specimens were tempered at 1000 degrees Fahr. (540 ,. 
grees Cent.), and the tempering was interrupted at certain inter. 
vals for specific volume measurements which were found to pro. 
vide a very sensitive criterion of the state of the high speed steq 
The first specimen was air-cooled from the tempering temperaty;, 
each time, the second was oil-quenched, and the third was wate, 
quenched. From the results given in Table II, it appears that ¢, 
tempering process is not materially affected by ordinary rates 
cooling unless the cooling rate is very rapid. In the latter even; 
quenching strains probably accelerate the tempering process. Hence 
the intermediate rate of oil cooling from the tempering temperature 
was adopted for all the specimens that were to be tested at room 
temperature. 








Effect of Cooling Rate from the Tempering Temperature 


Specific Volume c.c./gm. 

Specimen No. 2 3 
Annealed 0.11517 0.11518 
Hardened 0.11546 0.11549 
Tempered at 1000 degrees Fahr..... Air cooled Oil quenched Water quenche 

0.5 hours 0.11522 0.11527 
0.11520 0.11530 
0.11547 0.11551 
0.11562 0.11570 
0.11565 0.11575 
0.11566 bined 
0.11566 0.11574 


AAAQHA & tw 
NAMM AO 


5 
5 
5 
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5 
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Table Ill 
Effect of Room Temperature Aging on Subsequent Tempering 





Specific Volume c.c. 
Specimen No. 4 
Hardened and aged 1 hour at 75 degrees Fahr..... 0.11547 
Hardened and aged 600 hours at 75 degrees Fabhr. 
Tempered at 1000 degrees Fahr. 
0.5 hours 


0.11561 
0.11566 
0.11566 
0.11567 


MmuUMuMnuuN 
AADAMANWN 
Wu worn~i~ © 





It was also important to ascertain the effect of room temper 
ture aging prior to the tempering tests. Two hardened %-incl 
cube specimens were tempered at 1000 degrees Fahr. (540 degrees 
Cent.) after having been aged previously at 75 degrees Fahr. {0 
1 hour and 600 hours respectively. The tempering of both spect 
mens was repeatedly interrupted by oil quenching to room temper 
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‘ure for specific volume measurements. The results in Table III 
show no change during the room temperature aging, and no effect 
of this aging upon the subsequent tempering. 


DISCUSSION OF RESULTS 


Mechanism of the Tempering Process—The X-ray photograms 
show that quenched high speed steel contains tetragonal marten- 
site, residual austenite and undissolved carbides of the Fe,W,;C 
type, probably best represented as (Fe, W, Ce, V¥),.C GF. A 
total of 48 carbide lines were measured in the three X-ray photo- 
crams of the annealed high speed steel and, except for two very 
faint lines, they were all identified as belonging to the face-centered 
cubic structure described by Westgren and Phragmen (20) and by 
Gill (21) as Fe,W,C or Fe,W.C. After hardening, many of the 
weaker carbide lines disappear due to the partial solution of the 
carbides at the high heat temperature, but the positions of the re- 
maining lines do not change as a result of hardening or tempering. 
The carbides in the annealed, quenched and tempered steels all have 
a lattice parameter value of 11.057 A.U. The tetragonal marten- 
site is indicated by a doublet which appears in place of the usual 
(111)-a ferrite line, and which gives lattice parameter values of 
a = 2.88 A.U. and c = 2.91 A.U. with an axial ratio of 1.01. The 
only visible austenite line is the (111)-a line, but even this is 
partially obscured by the martensite doublet, so that the parameter 
of the austenite in the quenched steel cannot be measured satisfac- 
torily. 

However, during the early stages of tempering, this doublet 
merges into a broad body-centered cubic ferrite line, and the (1 11)- 
a austenite line becomes plainly visible. In addition, the (111)- 
8 and the (200)-a austenite lines appear, presumably because 
of the relief of stresses in the austenite. It is estimated that there 
was 15 to 25 per cent austenite in the hardened high speed steel 
specimens used in this investigation. 

A correlation of the tempering data shown in Figs. 2 to 8 re- 
veals that the tempering mechanism involves at least four definite 
stages. The first stage consists of the decomposition of the tetrag- 
onal martensite, as indicated by the disappearance of the tetragonal 
doublet. This is accompanied by a marked softening, a decrease in 
Volume, a decrease in electrical resistance, but no change in the 
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December 
parameter of the austenite. This process occurs slowly on temper. 
ing at 212 to 350 degrees Fahr. (100 to 175 degrees Cent.). }, 
becomes very rapid at the higher tempering temperatures. In fay 
the rapid softening of the quenched martensite leads to the surmig 
that cementite, rather than the more stable complex carbide 


pre 
cipitates from the tetragonal martensite, and quickly agglomerate; 


3550 %F 
MTT Single Tormperirg 


§ME7CE 
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Fig. 2—The Effect of Tempering Quenched 18-4-1 High Speed Steel at 350 Degr: 
Fahr. (175 Degrees Cent.). 


To test this point, magnetization-temperature curves were deter- 
mined for annealed and tempered high speed steel in order to di 
tect the possible presence of a cementite Curie point. Cementite 
ferromagnetic, but becomes paramagnetic when heated above 
Curie point of 392 to 410 degrees Fahr. (200 to 210 degrees Cent. 
thus causing a deflection in the magnetization-temperature curve 11 
this temperature range. The detection of this Curie point in stee 
offers good evidence for the presence of cementite. No cementite 
Curie point was found in the annealed high speed steel, but a det- 
nite cementite Curie point was found at 374. to 392 degrees Fahr 
(190 to 200 degrees Cent.) after hardening and tempering for on 
hour at 1050 degrees Fahr. In addition, Honda (22) has reported 
the presence of cementite in high speed steel after tempering at 50 
degrees Fahr. (260 degrees Cent.). It may be deduced, therefor 
that cementite (perhaps slightly alloyed) precipitates from the 
tetragonal martensite and rapidly agglomerates to cause the soften- 
ing found during the first tempering stage. It is visualized that the 
urge for the supersaturated martensite to reject carbon is so greal 
that it does so by the precipitation of the easily-formed cementite 
at tempering temperatures which are too low to allow sufficient dil- 
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‘usion of the alloying elements for the occurrence of appreciable 
precipitation of the more stable complex carbide. 
The second tempering stage is characterized by an increase in 
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Fig. 3—The Effect of Tempering Quenched 18-4-1 High Speed Steel at 550 Degrees 
Fahr. (290 Degrees Cent.). 
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Fig. 4—The Effect of Tempering Quenched 18-4-1 High Speed Steel at 
Degrees Fahr. (400 Degrees Cent.). 


hardness and a further decrease in the volume and electrical re- 
sistance. During this stage there is no consistent change in the fer- 
rite diffraction lines, but the lattice parameter of the austenite be- 
gins to decrease, thus signifying a change in the composition of the 
austenite. Fortunately, it was noted that the alloy carbide lines in 
the No. 3 Phragmen photograms become slightly blurred at this 
time. Hence, the evidence is quite clear that the second tempering 
stage involves a precipitation from the retained austenite of alloy 
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carbides having about the same composition and structure as the un- 
dissolved complex carbides. This stage is evident in the tempering 
curves at 750, 900, 1000 and 1050 degrees Fahr. (400, 480, 540 an; 
965 degrees Cent.). At 1150 degrees Fahr. (620 degrees Cent. 
the changes occur so rapidly that both the first and second stage 
are eclipsed. 
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Fig. 5—The Effect of Tempering Quenched 18-4-1 High Speed Stee! 
at 900 Degrees Fahr. (480 Degrees Cent.). 


The third stage consists of the transformation of the retain 
austenite, as is definitely proved by the decreasing intensity an 
final disappearance of the austenite diffraction lines. At the san 
time, there is a large expansion, a further increase in the hardness 
and a slight broadening of the ferrite lines. This stage is not at 
tained in 500 hours at 750 degrees Fahr. but it is quite evident after 
tempering at the higher temperatures. It appears, then, that th 
retained austenite in high speed steel is very sluggish, but if 
alloy and carbon contents are reduced by the precipitation of a sui 
ficient amount of the complex carbide, the sluggishness of the aus- 
tenite is lowered to the point where transformation results. Ater 
the austenite lines have disappeared and the specific volume reaches 
a maximum, the hardness begins to decrease slowly, presumably due 
to the softening of the products of the austenite decomposition an¢ 
the continued coalescence of the cementite particles precipitated dur- 
ing the first stage. 

The fact that the softening which follows secondary hardening 
takes place slowly as compared with the softening of the origina! 
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cture as the yp. isite in the quenched steel indicates that the transformation 


marten: : : . 
1 the te mMpering product of the retained austenite is based on alloy carbides rather 
9, 480, 540 and than cementite. In the next section, evidence will be cited to show 


degrees Cent.) that this transformation ane is most likely a tempered marten- 
1 second stage; 
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olume reaches 
‘esumably due site. The complex carbides would be expected to grow slowly dur- 
nposition an¢ ing tempering because such growth requires the simultaneous dif- 
cipitated dur- tusion of the alloying elements as well as carbon, and therefore the 
secondary hardness is more persistent than the as-quenched hard- 
iry hardening _ hess. This conception was clearly described by Bain and Jeffries 


f the original over 15 years ago (23). 
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Finally, there is a fourth stage in which the ferrite lines fr. 
broaden perceptibly and then sharpen as the parameter begins tr 
decrease. Here again the alloy carbide lines in the No. 3 Phragme, 
photograms are found to blur slightly. Consequently, the indie 
tions are that -alloy carbides precipitate out of the ferrite matri 
during this stage (nonuniformly at first to produce temporari 
larger composition gradients in the ferrite than previously existed 
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Fig. 8—The Effect of Tempering Quenched 18-4-1 High Speed Ste: 
at 1150 Degrees Fahr. (620 Degrees Cent.) 


and cause the lattice parameter of the ferrite, as well as the speci! 
volume and resistance of the alloy as a whole, to shift towards t 
values in the annealed condition. This precipitation of alloy car 
bides probably contributes to the retardation of the softening 
lowing the secondary hardening. Hence, the alloying element: 
which remained dissolved in the ferrite (when the tetragonal mai 
tensite decomposed and precipitated cementite during the first ten 
pering stage) ultimately come out of solution in the form of con 
plex carbides during the fourth tempering stage. In order to pro 
vide carbon for the formation of these alloy carbides, it is believe 
that the less stable cementite gradually redissolves in the ferrit 
Such a process may be inferred from the fact that when quenche 
high speed steel is tempered for a long time at 1150 degrees Fahr 
it approaches the annealed condition, and annealed high speed ste 
does not show a cementite Curie point. 

The changes in microstructure observed in this work add littl 
to the metallographic studies already published (1), (4), (5). 








December 


ferrite lines first 
meter begins t) 
No. 3 Phragmer 
ntly, the indica. 
© ferrite matrix 
uce temporarj) 
viously existed 


Lattice 
? A 


. Fes. 
A, jj 
seta, 


SSs 
Sek 





Speed Stee! 


l as the speci! 
ift towards th 
n of alloy Car 
: softening fol- 
oying element: 
tetragonal mar- 
y the first tem- 
form of com 
1 order to pro 
s, it is believed 
in the ferrite 
when quenche 
degrees Fahr. 
igh speed ste: 


work add little 


(4), (5). A 





1939 TEMPERING HIGH SPEED STEEL 1029 


few typical structures are shown in Figs. 9 to 16. With nital etch- 
ing, the matrix of the quenched steel appears homogeneous, but 
actually is a mixture of austenite and tetragonal martensite. The 
latter corresponds to the white martensite found in freshly quenched 
plain carbon steel, and explains why the characteristic acicular mark- 
ings of martensite are not usually revealed in hardened high speed 
steel. However, the white martensite quickly darkens during the 
irst stage of tempering because of the precipitation of carbides, and 
the acicular configuration appears after nital etching, but these car- 
bides are apparently too finely divided to be detected by Mura- 
kami’s reagent. This is also the case with tempered plain carbon 
steels. The second and third stages of tempering are accompanied 
by further darkening of the matrix until even the grain boundaries 
are practically obscured. Late in the fourth stage, the precipitated 
alloy carbides can be detected with Murakami's reagent. 

The sequence of structural changes which occur during the 
tempering of high speed steel are summarized in Fig. 17. It should 
be emphasized that the four stages of tempering may overlap to a 
considerable degree, and that the fourth stage is not ordinarily en- 
countered in the commercial tempering of high speed steel. Fur- 
thermore, it should be noted that secondary hardening is the result 
of a two-step process involving the precipitation of complex car- 
bides from the residual austenite and the subsequent transformation 
of this austenite into a hard product. 

The results of the multiple or intermittent tempering tests at 
550, 1050 and 1150 degrees Fahr. (290, 565 and 620 degrees Cent.) 
are plotted with the results of the single tempering tests in Figs. 3, 
/ and 8 respectively. No difference is noted between the two meth- 
ods of tempering at 550 degrees Fahr., but at the two higher tem- 
peratures the multiple tempering yields a somewhat lower or less 
persistent secondary hardness and there is some divergence of the 
specific volume curves. Yet, the X-ray results after tempering at 
1050 degrees Fahr. prove that the rate of carbide precipitation from 
the residual austenite and the rate of decomposition of the aus- 
tenite are the same for both methods of tempering. This apparent 
discrepancy will be explained when the dilatometric results are dis- 
cussed. 

Kinetics of the Residual Austenite Transformation—Having 
shown the correspondence between the secondary hardening and 
the break-up of the retained austenite in high speed steel, it re- 











Fig. 9—Microstructure of 18-4-1 High Speed Steel Hardened at 2350 Degrees Fahr 
(1290 Degrees Cent.). Grain Size 10. Two-Minute Etch with 6 Per Cent Nital. x 200 

Fig. 10—Microstructure of 18-4-1 High Speed Steel Hardened at 2350 Degrees Fab 
(1290 Degrees Cent.). Fifteen-Minute Etch with Murakami’s Reagent. Xx 1000. |. 

Fig. 11—Microstructure of 18-4-1 High Speed Steel Hardened at 2350 Degrees Fab 
(1290 Degrees Cent.) and Tempered for 0.1 Hour at 900 Degrees Fahr. (480 Degrees 
Cent.). First Stage of Tempering. Two-Minute Etch with 6 Per Cent Nital. x 2% 

Fig. 12—Microstructure of 18-4-1 High Speed Steel Hardened at 2350 Degrees Fab 
(1290 Degrees Cent.) and Tempered for 10 Hours at 900 Degrees Fahr. (480 Degrees 
Cent.). Second Stage of Tempering. 2-Minute Etch with 6 Per Cent Nital. Xx 20" 
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mained to investigate the kinetics of this transformation. This wa; 
done principally with dilatometric tests, and was confirmed by mag. 
netic tests, since these techniques do not necessitate cooling to room 
temperature to obtain measurements. | 
According to the dilatometer curves at 350 and 550 degrees 
Fahr., a large contraction occurs during the decomposition of th 
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Fig. 17—Flow Sheet Showing the Probable Sequence of Structural Changes Wh 
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tetragonal martensite. On tempering at higher temperatures, thi 
contraction occurs during the heating, and is superimposed upon the 
normal heating-expansion curve (see Fig 18). During tempering 
at 750 and 900 degrees Fahr., a further contraction takes place whic 
confirms the specific volume results obtained at room temperatur 
This corresponds to the second stage of tempering. 

However, when the dilatometer runs are made at the highe 
temperatures for lengths of time sufficient to transform the residua 
austenite (on the basis of the previous room temperature measure- 
ments), no corresponding expansion occurs at the tempering tem- 
perature. Instead this expansion takes place during the cooling 
from the tempering treatment and is superimposed on the norma 
cooling-contraction curve. For example, the specific volume curve 
in Fig. 6 shows that the transformation of the residual austenite 's 
virtually complete after tempering for 24 hours at 1000 degrees 
Fahr. The dilatometer curve in Fig. 19 demonstrates that holding 
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Fig. 18—Dilation and Magnetization-Tempera 
ture Curves Showing the Effect of Heating Quenched 
High Speed Steel to 1050 Degrees Fahr. (550 De 
grees Cent.) for 214 Hours and Then Cooling (at 
Three Different Rates in the Case of the Dilatior 
Curves). 
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Fig. 19—Dilation Curves Showing Two 
Tempering Cycles. The Residual Austenite is 
Completely Transformed After the First Cycle: 
24 Hours at 1000 Degrees Fahr. (540 Degrees 
Cent. ). 
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Fig. 20—Dilation Curves Showing Three 
Tempering Cycles. The Residual Austenite 
is Completely Transformed After the Second 
Cycle: 24 Hours at 1000 Degrees Fahr. (540 
Degrees Cent.). 
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quenched high speed steel for 24 hours at 1000 degrees Fahr. pro- 
duces no change in length at this temperature, but during the cool- 
ing after this treatment the austenite begins to transform at about 
520 degrees Fahr. (270 degrees Cent.), and continues to transform 
as the temperature falls. In fact, the austenite transforms com- 
pletely this way, as shown by the second cycle in Fig. 19 in which 
the same specimen is reheated to 1000 degrees Fahr. for 24 hours 
longer and is then cooled without any indication of further trans- 
formation. Thus it seems that the residual austenite transforms by 
a typical martensite or Ar” reaction, rather than an isothermal 
decomposition at the tempering temperature. 

This initial experiment which is in general agreement with the 
results of several foreign publications brings up many interesting 
questions. For example, if the residual austenite begins to trans- 
form at about 520 degrees Fahr. during cooling from the tempering 
temperature, why should not tempering at 550 and 750 degrees 
Fahr. cause the austenite to transform and produce secondary 
hardening? What is the effect of the rate of cooling on the tem- 
perature at which the transformation begins during cooling? Why 
should not the rate of cooling have a major effect on the amount 
of austenite which transforms, and the hardness which is attained? 
Why should not multiple or repeated tempering cause a more rapid 
break-up of the austenite than single tempering for an equal time? 
What is the relationship between the tempering treatment and the 
amount of austenite which subsequently transforms during cooling? 
What happens when the cooling is stopped before room tempera- 
ture is reached? An attempt is made to answer these questions 
by the following experiments. 

The effect of the rate of cooling from the tempering tempera- 
ture is shown in Fig. 18 for three rates of cooling after tempering 
tor 2% hours at 1050 degrees Fahr. During this heating period, 
a small amount of austenite transforms at the tempering tempera- 
ture as indicated by the slight isothermal expansion and the rela- 
tively small increase in the magnetization, but the bulk of the aus- 
tenite transforms during the cooling, beginning at about 475 degrees 
Fahr. (245 degrees Cent.) in the dilatometer and magnetization 
curves. The austenite transformation is not noticeably suppressed 
by increasing the rate of cooling, nor is the Rockwell C hardness 
affected. (The initial bow in the cooling curves is due to the non- 
uniform cooling of the dilatometer parts. ) 
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A comparison of Figs. 19, 20 and 21 demonstrates the effey 
of intermittent cooling and of tempering time on the austenit 
transformation. As mentioned previously, Fig. 19 shows that ; 
single tempering treatment of 24 hours at 1000 degrees Fahr, pro- 
duces complete transformation of the austenite on subsequen 
cooling. Fig. 20 shows that tempering at 1000 degrees Fahr, {,, 
4 hours causes part of the austenite to transform during the cog 
ing. A second treatment of 20 hours more (cumulative time y 
1000 degrees Fahr — 24 hours) causes the rest of the austenite 
to transform during cooling, since a third treatment of 24 hour 
more at 1000 degrees Fahr. produces no further transformation 
In Fig. 21, this experiment is repeated with six coolings. After 
only % hour at 1000 degrees Fahr. no austenite is found to transfor 


even during cooling. However, after a second heating of 


hours (cumulative time at 1000 degrees Fahr. — 2 hours 
a small part of the austenite transforms during cooling. A thi 
heating of 2 hours (cumulative time at 1000 degrees Fahr. 
hours) and a fourth heating of 12 hours (cumulative time at !(0 
degrees Fahr. — 16 hours) cause additional increments of aus 
tenite to transform during cooling. Finally, after a fifth heating 
of 8 hours (cumulative time at 1000 degrees Fahr. — 24 hours 
the last of the austenite transforms during cooling. A sixth heat 
ing of 24 hours longer results in no further transformation. Sini- 
larly it is found (curves not shown) that substantially complet 
transformation of the austenite takes place during cooling when th 
steel is given a single temper of 2% hours at 1050 degrees Fahr 
or a double temper of 1 hour followed by 1% hours, or a tripl 
temper of 10 minutes followed by 50 minutes followed by 1) 
hours. It appears, therefore, that in spite of the fact that t 
residual austenite transforms during cooling from the tempering 
temperature, the amount of austenite which transforms depencs 
upon the tempering treatment and not upon the number of cooling 
cycles. This is in excellent agreement with the X-ray result 
shown in Fig. 7. 

Since the amount of residual austenite which transforms dur 
ing cooling is primarily dependent upon the “conditioning” whic! 
it receives during the tempering treatment, assuming, of courst 
that the composition of the steel and the hardening treatment at 
not introduced as variables, the time and temperature of tempering 
should have a pronounced effect on the beginning of the Ar” trans 
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formation. The set of dilatometer curves in Fig. 22 shows that 
the temperature of the beginning of this transformation is markedly 
raised by increasing the length of the tempering time at 1050 de- 
grees Fahr. This is also found after tempering at 1000 degrees 
Fahr. and the results for both temperatures are summarized in 
Fig. 23. Very likely the raising of the Ar” transformation range 
caused by increasing the time and temperature of the tempering 
treatment is due to the precipitation of the alloy carbides from the 
austenite. This precipitation was described as the second temper- 
ing stage on page 1025. Short tempering times and low tempering 
temperatures do not permit sufficient carbide precipitation to raise 
the Ar” transformation range above room temperature, and hence 
the austenite does not transform after these treatments. The higher 
the Ar” transformation range is raised by increasing the time and 
temperature of tempering, the sooner does the austenite begin to 
transform during cooling and the further advanced is the trans- 
formation by the time room temperature is reached. This explains 
the close connection between the tempering treatment and the 
amount of austenite which subsequently transforms. 

A prolonged dilatometer run was made at 1150 degrees Fahr. 
(620 degrees Cent.) in order to determine whether the austenite 
would eventually undergo isothermal transformation. The curves 
in Fig. 24 show that the austenite completely transforms in 48 hours 
at this temperature, producing an isothermal expansion. Conse- 
quently there is no break in the cooling curve following this treat- 
ment. The hardness after this treatment is only Re 50.2 which in- 
dicates that the isothermal transformation product is relatively soft. 
The isothermal transformation at 1150 degrees Fahr. begins in 
about 5 hours. Up to this time, cooling to room temperature causes 
the austenite to transform during the cooling. Heating for longer 
periods than 5 hours at 1150 degrees Fahr. causes increasing amounts 
of austenite to transform isothermally, and the remainder to trans- 
form during cooling. In Fig. 8, the hardness curve drops rapidly 
after 5 hours. This is probably due to the increasing amount of the 
isothermal transformation product. 

The effect of stopping the cooling after the residual austenite 
begins to transform during cooling is shown by the dilatometer and 
magnetization curves in Fig. 25. Three dilatometer runs were made 
on identically hardened specimens. A was tempered for 2% hours 
at 1050 degrees Fahr. in the dilatometer and was then cooled nor- 
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mally to room temperature. B and C were similarly treated eXcept 
that the cooling was stopped for 1 hour and 20 hours respectively » 
400 degrees Fahr. (205 degrees Cent.) before finally cooling to 
room temperature. The beginning of the Ar” transformation 
curred at about 475 degrees Fahr. (245 degrees Cent.) in the ioe 
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Fig. 22—Dilation Curves Showing the 
Effect of the Tempering Time at 1050 Degrees 
Fahr. (565 Degrees Cent.) on the Subsequent 
Transformation of the Austenite During Cooling 


specimens. The isothermal expansion in the B and C curves at 4 
degrees Fahr. in Fig. 25 demonstrates that the austenite transforms 
even when the cooling is stopped. In fact, the transformation be 
comes complete in 20 hours at 400 degrees Fahr. as indicated by th 
subsequent cooling-contraction curve for specimen C-. On th 
other hand, the austenite transformation does not complete itself in 
| hour. During the subsequent (continuous) cooling of specimen } 
from 400 degrees Fahr., there is little, if any, transformation of th 
remaining austenite through a temperature drop of about 50 degrees 
Fahr., after which the austenitic transformation sets in almost a: 
though the cooling had not been interrupted at 400 degrees Fahr 
It seems that a l-hour treatment at 400 degrees Fahr. (after cool 
ing from a 2%4-hour temper at 1050 degrees Fahr.) destroys that 
part of the austenite which would have transformed during cooling 
between 400 and 350 degrees Fahr. if the cooling had not been 
stopped at 400 degrees Fahr. By further increasing the holding tim 
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at 400 degrees Fahr., the extent of the isothermal transformation 
'; increased and the greater is the temperature lag during subse- 
quent cooling before the rest of the austenite begins to transform. 

The hardness values of the above three specimens (A = Re 
65.1, B = Re 64.2, and C = Rc 63.0 ) signify that the transforma- 


Beginning of Ap*- %. 





O 5 10 f 20 2s 
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Fig. 23—The Influence of the Time of 
Tempering at i000 and 1050 Degrees Fahr. 
(540 and 565 Degrees Cent.) on the Begin- 
ning of the Ar’’ Transformation During Sub- 
sequent Cooling. 


tion product of the isothermal transformation is appreciably softer 
than the product resulting from the transformation during cooling. 
This softer product is not the result of a tempering action at the 
holding temperature of 400 degrees Fahr., as shown by a simple ex- 
periment. A specimen was tempered at 550 degrees Fahr. after 
being previously tempered at 1050 degrees Fahr. for 2% hours, and 
the hardness results as shown in Table IV were obtained at room 
temperature. 
Table IV 

Effect of Retempering at 550 Degrees Fahr. After Tempering at 1050 Degrees Fahr. 


Rc Hardness 


Tempered at 1050° F. for 2% hours.. aia towns . 65.1 
a ee ee re ee OO ORE. ova c was dees nec sv oeiees . 64.7 
Retempered at 550° F. for 0.1 hour ....... fuiitis ota ee 64.8 
Retempered at 550° F. for SE wean , . 64.7 

/ 


ee Oe” OO MOM cs bas cececccesvucessecues 64. 


(hese data demonstrate that if the residual austenite transforms 
into its usual hard product during cooling to room temperature, 
this product is barely softened by tempering even above 400 degrees 
Fahr. Yet, the product which forms directly from the austenite 
when the cooling is stopped at 400 degrees Fahr. is definitely softer. 

Using the hardness as a rough criterion of the extent of this 
isothermal transformation, the data in Table V suggest that the 
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isothermal transformation of the austenite (after tempering at 105) 
degrees Fahr. for 2% hours) may occur even when the c ling , 
stopped above the usual Ar” transformation temperature of 475 
degrees Fahr., but the isothermal transformation is most ta 


; oid 
(and hence results in lowest hardness) just below the Ar” | 
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Fig. 24—Dilation Curves Showing the 
Isothermal Transformation of Residual Aus- 
—_ at 1150 Degrees Fahr. (620 Degrees 
ent.). 


perature. The high hardness obtained after holding at 200 degrees 
Fahr. is due to the fact that practically all of the austenite is trans 
formed during the cooling before this temperature is reached. 














Table V 


Hardness Values of Specimens Tempered for 24% Hours at 1050 Degrees Fahr. 
and Then Cooled as Follows: 





Re Hardness 


Cooling interrupted at 700° F. for 20 hours... -ocs.a ee ae 65.0 
Cooling interrupted at 640° F. for 20 hours..............c000054 64.6 
Cooling interrupted at 500° F. for 20 bours................. oo Se 
Cooling interrupted at 400° F. for 20 hours...............00005 63.0 
Cooling interrupted at 300° F. for 20 hours....... io se ieee 64 
Cooling interrupted at 200° F. for 20 hours..............ee005: 6 


Furnace-cooled to room temperature (4° F./hour).....- ......... 6 
Air-cooled to room temperature..........-ceceeeeseees 6 
Oil-quenched to room temperature...............6. oy Neda da tee he 






The high hardness obtained after furnace, air and oil cooling from 
1050 degrees Fahr. shows that if the cooling is continuous, the 1s°- 
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thermal transformation does not seem to occur even if the cooling 
rate is very slow. 
On the basis of these results, it is evident that the residual 
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64.6 
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cooling from 
ious, the iso- 


austenite transformation which occurs during cooling after the 
proper tempering treatment is a true martensitic reaction. This 
accounts for the slight broadening of the ferrite diffraction lines 
during the third stage of tempering. However, the martensite thus 
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Fig. 25—Dilation and Magnetization-Tempera- 
ture Curves Showing the Effect of Stopping the 
Cooling at 400 Degrees Fahr. (205 Degrees Cent.) 
After Heating Hardened High Speed Steel at 1050 
Degrees Fahr. (565 Degrees Cent.) for 2% Hours. 


tormed differs markedly from the original martensite in the quenched 
steel since further tempering after the secondary hardening causes 
very slow softening as compared to the rapid drop in hardness pro- 
duced by tempering the original martensite. As mentioned on page 
1027, it is believed that the second martensite precipitates alloy car- 
bides, instead of cementite, during subsequent tempering or heating 
in service, and the sluggish growth of these alloy carbides retards the 
softening of the steel. 

he slight differences in the hardness and specific volume meas- 
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urements as produced by single and multiple tempering at 1050 ang 
1150 degrees Fahr. (Figs. 7 and 8) are now readily explained. Dy. 
ing the third tempering stage, the single tempering hardness cury. 
lies above the multiple tempering hardness curve because with the 
former method of tempering, the martensite forms during the cog. 
ing after the exposure to the tempering temperature; whereas ;, 
the latter method of tempering, the increments of martensite formed 
during the successive coolings are slightly softened by the subse. 
quent tempering cycles. The tempering of this martensite woul 
also be expected to cause a decrease in volume, which accounts {o) 
the fact that multiple tempering yields lower specific volume values 
than single tempering during the third stage of tempering eve; 
though the cumulative amount of residual austenite transformed js 
independent of the number of intermittent coolings. 


PRACTICAL ASPECTS OF THE TEMPERING OF HIGH SPEED STEr) 


This mode of transformation of the residual austenite has dis 
tinct practical significance and should be taken into consideratior 
in the tempering of high speed steel. Consider the case of a hard 
ened 18-4-1 high speed steel tool* which is normally given a 2! 
temper at 1050 degrees Fahr. to attain secondary hardness and r 
lieve quenching stresses. If the tool is given a single 24-hour treat 
ment, the quenching stresses are relieved (in the practical sense o 
the phrase), but virtually all of the retained austenite transforms 
during the cooling from the tempering temperature. This Ar” trans 


formation occurs below 475 degrees Fahr. and is accompanied by : 


marked expansion. Since the interior of the tool cools more slowly 
than the surface layers, the interior goes through the Ar” tem 
perature range later than the surface layers, and hence continues 
to expand after the austenite transformation at the surface is com 
plete. This sets up high tensile stresses in the outer fibers and com 
pressive stresses in the core, which may cause undue brittleness 0! 
the tool, as well as a gradual change in the dimensions of the finish 
ground tool on standing at room temperature or during servic 
This gradual movement in finished high speed steel tools is trouble 
some and yet is frequently encountered. If a 4-hour tempering 
treatment is used, the residual austenite again transforms during 


Assume that the tool was hardened like the specimens in this investigation so that 
the present tempering data may .be applied. 
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the cooling, and once more the internal stresses are introduced. On 
the other hand, suppose multiple tempering is used. If the tool is 
tempered first for 1 hour, about 80 per cent® of the residual aus- 
renite transforms during cooling to cause internal stresses again. 
However, when the tool is tempered a second time for 1% hours 
(cumulative time at 1050 degrees Fahr. = 2% hours), these 
stresses are relieved and the martensite formed during the first 
tempering cycle is slightly softened and toughened. During the 
cooling after the second tempering, the remaining 20 per cent of 
the austenite transforms into martensite, but, of course, the stress 
condition is much less acute than after the single tempering. By 
tempering a third time at 1050 degrees Fahr. or even below, even 
these lesser stresses may be relieved and the second increment of 
martensite is toughened. Thus, the advantage of multiple tem- 
pering over single tempering lies in the relief of stresses and the 
drawing of the martensite formed during the cooling after previous 
tempering treatments. 

Along these lines, it has been observed that high speed steel 
tools, such as broaches, are more difficult to “cold-straighten” with- 
out breaking after multiple tempering than after single tempering. 
This seems contradictory since it was just shown that multiple 
tempering should produce greater toughness and slightly lower 
hardness than single tempering. However, it is important to note 
that cold straightening is not done cold, but during cooling from 
the tempering temperature in the range of 900-600 degrees Fahr. 
(This cold straightening operation is so named to distinguish it from 
the hot straightening which is usually carried out during the quench 
from the high heat temperature.) Since the residual austenite does 
not transform until the temperature drops below 475 degrees (ap- 
proximately), it follows that the cold straightening after single 
tempering is actually done while the (relatively soft and ductile) 
residual austenite is still present in the steel. On the other hand, if 
the straightening is attempted after multiple tempering, the residual 
austenite has already been transformed during the previous coolings 
and hence the straightening must be accomplished on the steel in its 
secondary hardened state, which, of course, is stronger, more brit- 
tle, and more resistant to straightening than when the residual aus- 
tenite is present. However, this difficulty, when multiple temper- 
ing is used, may be avoided by performing the straightening dur- 


"Calculated from change in specific volume. 
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ing the cooling from the first, instead of the last, tempering treat. 
ment. 

While it has been demonstrated that the rate of cooling follow. 
ing the tempering has little effect upon the austenite transforma. 
tion and the final hardness, it should be borne in mind that interna| 
stresses are introduced during the cooling because of the expansior 
due to the residual austenite transformation. These internal stresse; 
are exaggerated by rapid cooling because the temperature gradients 
cause the austenite transformation to proceed nonuniformly. 8; 
the same token, very slow cooling from the tempering temperature 
should minimize the nonuniformity of the transformation and thus 
prevent the building up of such high stresses. At the same time. 
it has been shown that very slow cooling rates do not result in an, 
sacrifice of the secondary hardness. However, the cooling, sloy 
as it may be, must be continuous: if the cooling is stopped within 
a certain temperature range, the austenite will transform isother- 
mally into a softer product than is normally produced as a result 
of continuous cooling. 


CONCLUSIONS 


1. Hardened 18-4-1 high speed steel contains highly alloyed 
tetragonal martensite, highly alloyed retained austenite, and undis- 
solved complex carbides. 

2. The general tempering mechanism of hardened high speed 
steel involves four overlapping stages: 

I. Decomposition of the tetragonal martensite with the precip- 
itation and coalescence of cementite in a highly alloyed 
ferrite matrix. | 
Precipitation of complex carbides from the residual austenite 
Transformation of the residual austenite. 

Precipitation of complex carbides from the ferrite matrix of 
stage I, and the re-solution of the cementite. 

3. The initial softening of hardened high speed steel is due 
to stage I. The secondary hardening results from a combination of 
stages II and III. Stage IV is not encountered in normal commer- 
cial tempering. 

4. In normal heat treatment, little, if any, of the residual aus 
tenite transforms at the tempering temperature. Instead it trans- 
forms during cooling into martensite which is probably based on 
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complex carbides rather than on cementite and hence is more re- 
sistant to softening than the original martensite. 

5 The amount of austenite which thus transforms and the 
temperature at which this transformation begins during cooling de- 
pend principally upon the time and temperature of tempering, as- 
suming constant hardening conditions, and seem to be independ- 
ent of the cooling rate unless the latter is rapid enough to intro- 
duce quenching stresses. Furthermore, the cumulative amount of 
austenite transformed after a given time of tempering is independ- 
ent of the number of intermittent coolings to room temperature. 

6. The residual austenite may transform isothermally if the 

cooling from the tempering temperature is stopped within the proper 
temperature range. The product of this isothermal transformation 
is softer than the martensite formed during the continuous cooling 
of the austenite. 
7. The transformation of the residual austenite into mar- 
tensite during cooling after tempering causes an appreciable ex- 
pansion at fairly low temperatures, and hence results in internal 
stresses. Using longer times of (single) tempering does not re- 
move these stresses because the austenite still transforms during 
the cooling. On the other hand, if multiple tempering is used, the 
austenite transforms into martensite in increments during succes- 
sive coolings so that the stresses are relieved and the martensite is 
toughened by the subsequent heatings. For the same reason, multi- 
ple tempering may result in slightly lower secondary hatdness than 
the single tempering. 

8. Prolonged tempering at 1150 degrees Fahr. (620 degrees 
Cent.) causes the austenite to transform isothermally at the tem- 
pering temperature, but the transformation product is relatively 
soit. 
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DISCUSSION 


Written Discussion: By Robert S. Rose, sales representative, Vanadium- 
Alloys Steel Co., Boston. 

It has been indeed a pleasure to read this paper deliberately narrow in 
scope and so excellently conceived and scientifically conducted. The results 
obtained have both technological and practical significance. There is, I be- 
lieve, the first conclusive proof in an American paper that the transformation 
of retained austenite in as-quenched high speed steel occurs during the cooling 
‘rom rather than isothermally at the tempering temperature. A knowledge 
of this is a prerequisite to understanding the cause of the improved mechanical 
properties obtained by multiple tempering. Of equal importance, it seems to 
me, are the improved properties likely to be realized by causing the trans- 
formation to take place isothermally at approximately 400 degrees Fahr. rather 
than by continuous cooling even though the holding time may be some- 
what less than 20 hours. Fig. 25 indicates the product of transformation at 
400 degrees Fahr. is less voluminous and less hard. Thus this method has 


ho 
wn 


the advantage of inducing less volume change and less stress in a temperature 
range in which the steel is better able to accommodate itself than during ordi- 
nary continuous cooling. There are many high speed steel japplications that 
do not demand maximum hardness. 

The many methods employed to follow the tempering reactions seem to 
confirm and complement each other. The final disappearance of the austenite 
intensity line after holding 24 hours at 1050 degrees Fahr. as shown in Fig. 7 
gives a final answer to an old argument. The breakdown of this austenite 
prior to that of ferrite seems at first anomalous since the reverse is true with 
carbon and low alloy steels. Upon analysis, however, the ferrite which re- 
mains after the precipitation of cementite can well be a carbon-free stable 
ferrite in which tungsten-chromium and vanadium have specific solvency. 
Carbon from cementite would redissolve in increasing amounts with tempera- 
ture and thus provide that necessary for subsequent precipitation of alloy 
carbides. 

Written Discussion: By W. E. Bancroft, chief metallurgist, Pratt & 
Whitney Co., Hartford, Conn. 

| think the authors of this paper are to be highly congratulated and 
thanked for this valuable and enlightening paper. Their discoveries and con- 
clusions regarding the behavior of hardened high speed steel during quench- 
ing serve to confirm and explain in a satisfactory manner some of the phe- 
nomena which tool manufacturers have been noticing and making use of to 
a greater or lesser degree for some time, but which they did not, in all cases, 
thoroughly understand. 
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From the standpoint of a manufacturer of high speed steel cutting too|; 
it is illuminating to read such a clear and reasonable explanation of the bene 
fits to be derived from multiple tempering. This has been a debatable pojn; 
among tool manufacturers for some time. I feel that the explanation of wha 
takes place, which is presented in this paper, is satisfactory and conclusive ap 
should serve to clear up the lack of agreement on this point. In this connee. 
tion I note the authors state that the third draw does not need to be at the 
secondary hardening temperature. I beiieve that a low draw at a temperature 
of say 500 to 700 degrees Fahr. would be sufficient to relieve most of the 
stresses present without any noticeable further tempering of the martensite 
and consequent reduction in hardness. 

The authors’ discoveries regarding the effect of total time at tempering 
temperature on the amount of austenite transformed are quite interesting and 
valuable. They have shown that at 1000 degrees Fahr. 24 hours is necessar) 
to produce complete transformation, and at 1050 degrees Fahr. only 2% hours 


— 


total time is necessary. It would be interesting to see these same data worke: 
out for other temperatures between 1050 and 1150 degrees Fahr. 

The authors are to be commended for their carefully worked out flow 
sheet showing the sequence of structural changes which take place in harden. 
ing high speed steel. If future experimental work and practical experience 
do not upset this arrangement this chart should come to occupy an important 
place in the reference literature of any laboratory concerned with the heat 
treating of high speed steel. 


Oral Discussion 


W. R. Frazer:* Mr. Cohen is to be congratulated on his very splendi 
fundamental study of the phenomena which take place during the temperin 
of high speed steel, and, speaking for those of us who are daily engaged ii 
hardening and tempering high speed tools, we should welcome this ver 
timely investigation by two very energetic young men, primarily because the) 
are associated with an institution which is equipped to study these problems 
from a theoretical standpoint, and thereby confirm some of the things whic! 
we have learned through the more difficult road of experience. 

There are some things that I would like to inquire about, and one of then 
is the question of hardness which results from single versus repeated tem- 
perings. The curves do not bring out distinctly the degree of hardness dil 
ference, as the circles overlap each other. If we consider Fig. 7, which shows 
the hardness values with single tempering and multiple tempering: at one 
hour, there is less than half a point in Rockwell difference, and with three 
hours there might be one point in Rockwell difference. It is a little confusing 
and I would like to ask Mr. Cohen if he has some actual tabular data showing 
exactly what the difference in hardness is. Practically speaking, I do not 
think that we find this to be true. Repeated temperings usually will show 
Rockwell hardness values equal to single tempering, but, of course, that prob- 
ably is related to the analysis of the steel and to the carbide distribution. 

I notice that the composition of the steel used for the hardness studies 


 1Metallurgist, Union Twist Drill Co., Athol, Mass. 
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shows 0.72 carbon, 17.84 tungsten, 3.92 chromium and 0.98 vanadium. The 
tungsten, chromium and vanadium are all on the low side of the specification 
‘or 18-4-1 high speed steel and this may account for the lower hardness after 
repeat tempering obtained by the authors. From our studies we feel that 
vanadium is a very potent element in controlling hardenability, and I might 
ask Mr. Cohen if he has made any study of an 18-4-2 steel to determine the 
effectiveness of vanadium on this property. 

Mr. Cohen is to be congratulated and I hope that he will continue his 
investigations to give us further fundamental information on this subject. 

Francis B. Forey:* This thorough investigation of the nature of the 
changes which take place during the tempering of high speed steels explains 
in a very large degree the reason for the behavior of high speed steels which 
we have observed in commercial practice during a number of years. The 
interpretation which the authors place on their data seems to me quite sound. 

This work shows that it may frequently repay the hardener of high speed 
steels to give some attention to the cooling rate following tempering of high 
speed steels. The factor of speed of cooling from the drawing temperature 
becomes more important as the size of the tools increases. I recall a few years 
ago, how a long piece of 2-inch by 4-inch section of high speed steel contain- 
ing cobalt started cracking about 12 hours after it had been drawn twice and 
permitted to cool in air after each drawing and that a second piece treated in 
the same manner but cooled slowly in a furnace showed no cracks whatever. 

High speed steels crack.more frequently in the drawing operation than 
they do in hardening due to this volume change which the authors show so 
clearly to take place at low temperatures during cooling from the drawing 
temperatures. 

From the practical point of view this work shows the importance of con- 
trolling the rate of cooling of large tools, particularly those having sharp 
corners at which stresses, created by the volume change at low temperature, 
may concentrate. 


Authors’ Reply 


Mr. Rose has called attention to the possibility of obtaining improved 
properties in high speed steel by allowing the retained austenite to transform 
isothermally at 400 degrees Fahr. after cooling from the tempering tempera- 
ture. This very thought occurred to the authors some time ago, and tests are 
now under way at the institute to determine (1) the factors which control 
this isothermal transformation, (2) the mechanical properties of the isothermal 
transformation product and (3) the effect of this type of heat treatment on 
the service-life of high speed steel dies subjected to repeated impact. The 
authors are pleased to note that Mr. Rose anticipates some commercial appli- 
cation of this low temperature isothermal treatment of high speed steel. 

Mr. Foley’s remarks concerning the cracking of high speed steel during 
the cooling from the tempering temperature are quite in line with our own 
experiences. During the early stages of our research, we were surprised to 
find that cracking of our specimens occurred more frequently during cooling 


Superintendent, research department, The Midvale Co., Nicetown, Philadelphia. 





1050 TRANSACTIONS OF THE A. S. M. December 
from the tempering temperature of 1050 degrees Fahr. than during cooling 
from the hardening temperature of 2350 degrees Fahr. The cause of thi 
anomaly is now readily explained in the light of the present paper. During 
the quench from the high heat temperature, the martensite forms in a gy. 
rounding structure that is predominantly austenitic. Because of the plas. 
ticity of the untransformed austenite, the steel is able to adjust itself to th 
volume changes which accompany the formation of the martensite. However 
when the retained austenite transforms into martensite during the cooling from 
the tempering temperature, the matrix of the steel is largely composed o; 
(tempered) martensite. Due to the high elastic limit and low plasticity 9 
this environment in which the new martensite forms, even moderate rates oj 
cooling from the tempering temperature may lead to severe internal stresses 
and cracking. As Mr. Foley suggests, the present investigation brings oy 
the importance of cooling slowly from the tempering temperature. This j: 
particularly true in the case of large complicated tools with sharp corners, 

Mr. Bancroft has inquired about the relationship between the tempering 
temperature and the tempering time necessary to produce complete trans- 
formation of the retained austenite during subsequent cooling. We can sup 
ply information for three tempering temperatures: 24 hours at 1000 degree; 
Fahr., 2% hours at 1050 degrees Fahr., and about 10 minutes at 1150 degrees 
Fahr. It should be noted that these times represent “time at temperature’ 
since small specimens and liquid baths were used for all the tempering treat 
ments in this investigation. If any of these data are to be applied to comme: 
cial tempering where large specimens are treated in air furnaces, the time t 
reach the tempering temperature must be taken into consideration. Further- 
more, the authors wish to call attention to the fact that these tempering times 
will vary with the composition of the high speed steel and with the 
heat treatment used. 

The authors quite agree with Dr. Frazer that “practically speaking 
both single and multiple tempering produce about the same maximum second 
ary hardening. This comparison was one of the original purposes of th 
present investigation. Some previous Russian work indicated that multipl 
tempering might yield considerably higher secondary hardness than singl 
tempering for an equivalent length of time. Our work showed no such ad 
vantage for multiple tempering. At 1050 degrees Fahr. both methods 


Rockwell C Hardness Attained on Tempering at 1050 Degrees Fahr. 
Time of Single Multiple 
Tempering Tempering Tempering 
As hardened 66.0 66.0 
.02 hour 63.1 63.1 
63.9 63.6 
64.2 64.2 
64.4 64.4 
65.2 65.0 
65.1 65.1 
65.3 64.9 
65.2 64.6 
64.8 64.1 
63.2 63.0 
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tempering resulted in about the same maximum secondary hardness, but this 
hardness was retained for longer periods of time when single tempering was 
) At a tempering temperature of 1150 degrees Fahr. which is higher 


used. :; 
than is normally used in commercial practice, the secondary hardening was 
oreater in the case of the single tempering. The preceding table offers a 


comparison of the two types of tempering at 1050 degrees Fahr. 

The differences in the hardness values produced by the two methods of 
tempering are very small, perhaps insignificant for most practical purposes ; 
but in our work where the heat treatment and measurements were carried out 
under carefully controlled conditions, these small differences were detected 
consistently, and can be nicely explained by the mechanism of tempering as 
described in this paper. 

In reply to Dr. Frazer’s question concerning the vanadium content of the 
high speed steels studied, we purposely confined our attention to the 18-4-1 
composition in order to make our investigation as intensive as possible. We 
are of the opinion that the basic mechanism of the tempering process would 
not be affected materially by appreciable changes in the vanadium content 
of the high speed steel even though the mechanical properties and hardness- 
time-temperature relationships might vary considerably with the vanadium 


content. 







































DRAWING OF ALUMINUM 
By L. J. WEBER AND J. T. WEINZIERL 


Abstract 





The drawing of aluminum is discussed from the 
viewpoint of the tool designer as well as the man in the 
shop. Various shapes are considered and drawings of 
the operations are given for forming these _ shapes. 
Besides tool design, other factors such as lubrication, press 
setup and metallurgical aspects of the sheet are also dis- 
cussed. Data 1s given to show the effect of drawing on 
the mechanical properties and their relation to tool design. 
The principles of drawing outlined for aluminum may 
also hold for other metals and alloys such as brass and 
steel. It is hoped that others will discuss this subject and 
thus add to our knowledge of forming sheet in draw 
presses. 





INTRODUCTION 





HE forming of sheet in draw presses has been discussed to a 

considerable extent in the literature but in most cases the data 
presented are of little value to the man who designs the tools or the 
foreman who is responsible for the production of satisfactory drawn 
shells. Since the aims of this Society are to help the men in the plant 
with their problems as well as to increase our knowledge of metals, 
it was thought desirable to discuss the drawing of sheet from a prac- 
tical viewpoint and at the same time present our ideas on the metal- 
lurgical aspects that influence the results that are obtained. Our ex- 
perience has been confined mainly to aluminum and its alloys. The 
data presented are therefore directly applicable to this metal and its 
alloys. With slight modifications the data as well as the underlying 
principles should also hold true for other metals and alloys. 


Presses Usep ror DrRAwING ALUMINUM 


The presses required for drawing aluminum are the same as 


A paper presented before the Twenty-first Annual Convention of the Society 
held in Chicago, October 23 to 27, 1939. Of the authors, L. J. Weber is metal- 
lurgist, and J. T. Weinzierl is tool engineer, The Aluminum Cooking Utensil 
Co., New Kensington, Pa. Manuscript received June 13, 1939. 
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Table I 
Capacity of Presses Used for Drawing 
Various Sizes of Blanks 




























Maximum Maximum 

Diameter Thickness Max. Depth 

of Shell of Blank of Draw 

Type of Press Capacity Inches Inches Inches 

Double Action Toggle 63 Tons 8% 0.051 4% 
Double Action Toggle 125 Tons 14 0.102 8% 
Double Action Toggle 148 Tons 15% 0.102 9% 
Double Action Toggle 282 Tons 23 0.125 10 
Double Action Toggle 300 Tons 27 0.125 10 
Double Action Toggle 360 Tons 25 0.125 14% 
Double Action Toggle 400 Tons 30 0.156 12 
Double Action Toggle 550 Tons 30 0.187 17 
Double Action Toggle 500 Tons 37 0.250 14 
Hydraulic 1300 Tons 49 0.3125 24 



















those used for other metals. The size and capacity of the press will 
depend on the following factors. 

1. Diameter of blank 

2. Thickness of metal 

3. Shape of the drawn item 

4. Alloy and temper. 

In case of trays or similar articles in which there is a large flat 
area, a suitable air cushion mounted in the press is preferred to 
springs or rubber pads placed in the draw tools, to supply the pres- 
sure which will prevent buckling and retain the flatness of the sheet. 

The approximate sizes of blanks that can be drawn on various 
sizes of presses are given in Table I. The figures given are not to 
be considered as definite limits, but rather as the limits that have been 
found to be approximately correct from actual experience. 




















ALLoys oF ALUMINUM USED FoR Drawn ITEMS 







At the present time five alloys are generally used for the pro- 
duction of drawn shapes. These are designated by the Aluminum 
Company of America as 2S, 3S, 4S, 52S and 53S. The first four 
are generally referred to as “common alloys” as their mechanical 
properties can be increased only by cold work. The temper is 
designated as “O” for annealed sheet, “H” for full hard and “%4,H 
or 4H” for intermediate tempers. The 53S alloy is referred to as 
a heat treatable alloy since it contains a constituent that makes pos- 
sible a change in properties by heat treatment. The soft or annealed 
temper is designated as “O”’, the temper obtained by quenching from 
960 degrees Fahr. in cold water and aged only at room temperature 
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Table Il 
Mechanical Properties and Composition of Aluminum Alloys 


Ultimate Yield Elongation 

Strength Strength Per Cent 

Lbs. Per Lbs- Per in Brinell -——— —Composition*- 
Sq. In. Sq. In. 2In. Hardness Si Mn Mg 
13,000 5,000 35.00 23 
15,000 13,000 12.0 28 
17,000 14,000 9.0 32 
24,000 21,000 5.0 44 


16,000 6,000 30.0 28 
18,000 15,000 10.0 35 
21,000 18,000 8.0 
29,000 25,000 4.0 


26,000 10,000 20. 
31,000 22,000 10. 
34,000 27,000 Fi 
40,000 34,000 


29,000 14,000 
34,000 26,000 
37,000 29,000 
41,000 36.000 


Anu 
IND DD DO DO 


DDD PBVPH 
~ a 


Pe 


16,000 7,000 
33,000 20,000 
39,000 33,000 


5.0 26 0.7 
0 7 


65 U./ 
0 80 0.7 


3=0 


wv 


*Per Cent Alloying Elements. Aluminum and Normal Impurities Constitute Remainde: 








is designated as “W” while that obtained by aging the quenched 
sheet at elevated temperatures is designated as “T”’. 

The compositions and the properties of these alloys in the vari 
ous tempers are given in Table I]. The effect of cold working and 
heat treatment on the mechanical properties are readily apparent 
from these data. 

The temper of the original sheet required for items made from 
the common alloys depends on the severity of the draw. For severe 
draws, the annealed sheet is used while for less severe draws half 
hard or even the full hard sheet may be used. 

In case of the 53S alloy, the part is generally drawn from the 
annealed (OQ) or the quenched (W) temper. The shell is then heat 
treated in such a way as to obtain the fully heat treated temper. In 
case of the shells drawn from sheet in the as-quenched or “W” tem- 
per, this means aging at 320 degrees Fahr. or slightly higher, the 
time at temperature depending on the temperature chosen. If drawn 
from sheet in the soft temper, quenching from 960 degrees Fahr. 1s 
required before the aging treatment. Whenever possible, the as- 
quenched or ““W” temper is used because of the handling difficulty in 
heat treating the drawn shells as well as the distortion that occurs 
during the quenching operation. In most cases, this distortion is 
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sufficiently great to require corrective operations to bring the shell 
back to the desired shape. 


DeEsIGN oF Draw Too.s 


The correct design of drawing tools is a very important factor 
in obtaining satisfactory shells. The general principles of design are 
the same as for other metals but the amount of reduction per draw, 
the radii on the tools, and the change in metal thickness will vary. 
These factors will be discussed under separate headings. 

Reduction Per Draw—The reductions in diameter per draw for 
safe commercial production of 2S-O and 3S-O for deep drawn cylin- 
drical shells are as follows: 


Desired 
Reduction Permissible 
Blank D Per Cent Per Cent 
First Draw (D;) 40 (or less) D 42D 
Second Draw (D;) 20 D, 25 D;, 
Third Draw (Ds) 15D, 18 D, 
Fourth Draw (D,) 15 Ds 15D; 


These reductions may be varied to some extent but for sheet of 
commercial tolerance, trouble is usually encountered from fracturing 
of the metal if these reductions are exceeded. 

For harder tempers of these alloys and for harder alloys such 
as 52S and 4S the reductions per draw have to be reduced. The in- 
creased hardness increases the resistance to flow of the metal to such 
an extent that fractures may occur when using the high reductions 
which are satisfactory for the annealed 2S and 3S sheet. In many 
cases, this decrease from the desired reductions given in the table 
may amount to 10 per cent on the first draw and 5 per cent on suc- 
ceeding draws depending on the hardness of the metal being fabri- 
cated. 

Radu on Draw Tools—The radius on the die should be approxi- 
mately a minimum of 4T and a maximum of 15T where T is the 
thickness of the original metal while that on punch should be held to 
a minimum of 4T. The sharper the die radius the greater the re- 
sistance to the flow of metal. This resistance to metal flow is one 
cause of fracture during the drawing operations. On the other hand, 
if the radii are too large, a great portion of the metal in the blank 
is not under control while being drawn, and this may cause the 
formation of wrinkles. A liberal radius on the vertical corners of 
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Fig. 1—Showing the Flow of Metal When Drawing a Rectangular Shell. The 
Great Change of the Square Sections in the Corner is Especially Noticeable. 


rectangular shells is advisable as otherwise there will be too great a 
resistance to the flow of metal in this area. 

Change in Thickness of Metal—The draw tools for aluminum 
should be designed so as to produce the minimum possible change in 
the thickness of the original blank. In many alloys, such as brass and 
steel, the reduction in cross section of the blank may be as high a: 
50 per cent of the original thickness. Such a forming procedure is 
usually not applicable to aluminum alloys. For this reason it is often 
necessary to redesign tools used for drawing other metals and alloys 
when it is desired to produce a similar shape from aluminum. 


SHAPE TO BE DRAWN 


The shapes of drawn shells may be divided into four classes 
1. Rectangular 
2. Cylindrical 
3. Hemispherica! 
4. Odd Shapes. 


The drawing of these will be discussed under separate headings 
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Fig. 2—The Flow of the Metal Is Shown by the Change in Position of Concentric 
Circles and Radial Lines. The Amount of Distortion in Various Parts of the Rec- 
tangular Pan is Readily Apparent. 


Rectangular Shape—The flow of metal in drawing a rectangular 
shape is illustrated by the change in dimension of original squares as 
illustrated in Fig. 1, and the change in radial lines and concentric 
circles as illustrated in Fig. 2. These photographs show that the 
greatest movement of metal occurs at the corners. The die and 
blankholder must, therefore, be constructed to control this flow of 
metal so as to avoid both wrinkling and fracture. 

This can be done by making the draw radius at the corners 
slightly longer than at the sides and ends, taking care to have the 
radii of different lengths blend smoothly into each other. Increasing 
the draw radius at the corners helps to reduce the resistance to flow 
caused by thickening of the metal. A procedure commonly used 1s 
to hollow out the face of the blankholder to provide the necessary 
clearance between the die face and blankholder to allow for this 
increase in thickness. This clearance should correspond nearly to the 
increase in thickness, because if it is too great, buckles extending 
radially from the corners will form in the drawing operation. 
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The dimensions of the original blank must be developed t, 
obtain the proper amount of metal which is necessary to obtain the 
desired shell. The shape of the blank will vary greatly with the 
proportions of the rectangle and depth of shell to be drawn. A shaj- 
low rectangular pan or tray will require a blank of rectangular shape 
with the corners rounded. The blanks for a rectangular shell of 
medium depth will have only short, straight sides and ends with the 


Symmetrical 
about & 


Symmetrical 
a00uT £ 


first Drew Operetion 


Fig. 3—Typical First and Second Operation Shells and De- 
veloped Blank for a Rectangular Pan. 


corners cut away on a double ogee curve. Deep rectangular shells 
may be drawn from circular or elliptical blanks depending on the 
width to length proportion of the shell. Care should be exercised to 
use as little metal as possible in the blank as any excess metal 
increases drawing difficulties. Typical first and second operation 
shells, as well as the developed blank for a rectangular pan, are 
illustrated in Fig. 3. The die dimensions for the various draws are 
given in Table III. 

Cylindrical Shape—The flow of metal in drawing cylindrical 
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Fig. 4-Showing the Flow of Metal When Drawing a Cylindrical Shell. The 
Change in the Dimensions of the Squares Can Be Readily Seen. 


Fig. 5—This is the Second Draw on the Shell Shown in Fig. 4. 


ange in the Dimensions of the Squares is Apparent. 





The Further 
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Fig. 6—This is the Thir’ Operation on the Shells Shown in Figs. 4 and 5. The 
Original Squares in the Upper Part of the Shell Have Been Distorted to a Considerabk 
Extent. 
shapes is shown by the change in dimensions of squares as illustrated 
in Fig. 4 for the first draw, Fig. 5 for the second draw and Fig. | 
for the third draw. A careful check shows that even though th 
dimensions of the original square have been changed considerably, 
the area remains practically the same indicating little change in thick- 
ness of the metal during the drawing operation. 

The sequence of drawing operations and the diameter of th 
original circular blank are given in Fig. 7. Since the metal moves 
the same in all parts of a symmetrical shape, no allowance has to be 
made in any particular part of the tool for thickening of the metal 
as was the case in rectangular shells. The die dimensions for vati- 
ous draws are given in Table IV. 


Dome, BowL AND HEMISPHERICAL SHAPES 


The flow of metal in dome, bow! or hemispherical shapes 1: 
similar to that in cylindrical shapes. The dome or hemisphere 1s 
often difficult to obtain in drawing, especially with thin gage metal. 
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Table II! 
Die Dimensions for Various Drawing Operations of Rectangular Shapes 





























First Draw Add 2.2 times blank thickness to Punch Dimension. 
Second Draw Add 2.2 times blank thickness to Punch Dimension. 
Final Draw Add 2 times blank thickness to Punch Dimension. 
——————— — —————— - TS aren 
Table IV 


Die Dimensions for Various Drawing Operations of Cylindrical Shapes 








times metal thickness of blank. 


First Draw Punch Diameter plus 2.2 
2.3 times metal thickness of blank. 
4 

t 


9 
Second Draw Punch Diameter plus 2 
Third and Succeeding Draws Punch Diameter plus 2 
Final Draw of Tapered Shells Punch Diameter plus 2 


—————— 


times metal thickness of blank. 
imes metal thickness of blank. 











because of the tendency to form wrinkles. In order to avoid diff- 
culties in drawing such shapes, a preliminary draw is often required 
to obtain a sufficient amount of metal in the correct position before 
the final forming operation. If there is an excess of metal, wrinkling 
of the shell will take place while insufficient metal will cause fractures. 

The procedure for drawing a bowl-shaped shell is illustrated 
in Fig. 8. The dimensions of the radii in the first drawing opera- 
tion are very important as the shell must have sufficient metal at the 
proper positions so that the second draw can be performed without 
difficulty to produce the final shell. 

The ratio of the inside diameter of drawn shell to the original 
metal thickness is very important when forming these’ hemispherical 
shapes in one draw and should be maintained below 200. A larger 
ratio usually causes difficulty because of wrinkles that form during 
the drawing operation. 

Odd Shapes—Besides the shapes which have been discussed, 
various odd shapes are often desired. The flow of metal in such 
shapes may be a combination of those discussed. The sequence of 
operations for drawing a triplicate sauce pan as well as the original 
blank are illustrated in Fig. 9. Special attention should be given to 
the shape of the blank so as to use the least amount of metal to obtain 
the desired shape. 


MATERIALS FOR DRAWING TOOLS 


Various materials are used for making the drawing tools. The 
choice depends on the type of draw, the alloy sheet to be formed, 
the final finish on the drawn articles, the number of pieces to be 
tabricated as well as other conditions peculiar to individual plants. 
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Cast iron has been used to a considerable extent where the gma) 
number of pieces on an order makes it necessary to keep the { 


LU 


cost at a minimum. The savings resulting from the use of cast iro 


is not only in the cost of material, but also in the cost of machiniy 


Cast iron is also well adapted for draw tools when scratches obtaine; 
during drawing are not objectionable in finished items. The presene, 





222 Operetion Drew 


Blank Site /425° 


18 Ooeretion Drew 


Fig. 7—Sequence of Drawing Operations and Diam 
eter of Original Circular Blank. 


of such scratches increases finishing costs if a highly polished sur 
face is desired. At times, the increased finishing costs have to | 
balanced against the increased tool cost if made from steel to deter 
mine whether or not cast iron is more economical to use for the drav 
tools. 

At the present time there are a number of grades of alloy cas! 
iron which are superior to ordinary cast iron for draw tools. Th 
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these is somewhat higher, but this is often justified by the 


cost of 
better results that are obtained. 
The high grade alloy tool steels have been found to be the best 


‘or draw tools when the quantity of shells to be produced is sufficient 
1o justify the cost. The stock is obtained as a forging so that more 
work has to be done to machine the tool than is the case with cast 


‘ron. The original cost of the steel is also considerably higher than 








Fig. 8—Procedure for Drawing Bowl-Shaped Shell 


that of the cast iron. Oil hardening steels are usually used so that 
the maximum hardness with minimum distortion is obtained during 
heat treatment. Draw tools from the alloy steels are expensive and 
are used on large production runs, for drawing shells from hard 
alloys, and on items where scratches from the tools must be kept at 
a minimum, 

Regular carbon steels containing 0.6 to 1.10 Pe enlace 58 
intermediate in cost and performance between cast iron and alloy 
steels. They can be hardened by oil or water quenching from the 
upper critical and tempering to obtain the desired hardness. 
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Flatterung Operation 


Drewing Operetion 


Fig. 9—Sequence of Operations for 
Drawing a Triplicate Sauce Pan. 


Carburizing steels for draw tools are being investigated. Th 
tests have not gone for a sufficient length of time to warrant definit: 
conclusions. The indications are that they may be satisfactory for 
a number of applications where higher priced steels were formerl) 
used. 


LUBRICATION 
The success or failure of many drawing operations depends 0 


the proper selection of lubricants. Mineral oils or compounded min- 
eral oils are the lubricants most commonly used for drawing alum! 
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num. Water soluble drawing compounds have been tried, but results 
thus far indicate that some attack the aluminum if allowed to remain 
on it several days, while others do not have the desired lubricating 
qualities. The following table gives the types of oils that have been 
found satisfactory in plant operation. Others may be just as satis- 
factory so that the table should serve as a reference for selection of 
oils by comparison with those that have been found satisfactory. 


SEVERITY OF DRAW Type oF LUBRICANT 
Light Light Lubricating Oil 
Medium Mixture of Light Oil and 


Heavy Lubricating Oil 


Severe Heavy Lubricating Oil or 
50% Mutton Tallow and 
50% Paratfine Mixture 


Very Severe 30% Mutton Tallow and 
70% Paraffine Mixture 


The lubricant performs two functions: 

1. It allows the blank that is drawn to slip readily between the 
blankholder and die. 

2. It provides the necessary lubrication to prevent scratching 
and galling while this movement takes place. 

The proper choice of lubricant is a matter of experience and may 
vary in different plants for similar draws depending on the design of 
the tools, the material used for making the tools as well as the thick- 
ness of sheet drawn. Cast iron and low carbon steel tools require a 
heavier lubricant to prevent scratching than hardened steel tools. 
The greater the reduction per draw, and the sharper the radii, the 
heavier must be the lubricant to allow the blank to slip readily into 
the die. The thicker the sheet that is drawn, the heavier the lubricant 
that is required. 

Operations subsequent to drawing may also influence the selec- 
tion of lubricants. If the oil has to be removed by washing, either 
by hand or by machine, it is necessary for the lubricant to have the 
properties required at the draw, and also be readily removed by the 
cleaning procedure used in the plant in order that special cleaning 
practices shall not have to be adopted. A lubricant suitable for any 
one plant might be unsatisfactory in another, because it is difficult to 
remove in their cleaning operation. 
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Factors WuHIcH AFFECT THE DRAWING QUALITY OF SuEp 


The factors which affect the drawing quality of sheet are gr}, 


size, mechanical properties and earing tendency. These will be di: 
cussed under separate headings. 

Grain Size—The microstructure of 3S alloy is shown in Fig. | 
[t shows the network of grains in which are dispersed particles of | 


Fig. 10—Photomicrograph of 3SO Sheet 


manganese, iron and silicon constituents. Tests have shown that 
mechanical properties such as tensile and yield strengths and elongs- 
tion are affected by the grain size. It is not surprising, therefor 
that drawing properties are also affected by the size of grains. 

No definite data has been obtained to show the effect of gra! 
size on drawing properties. While in general, a fine grain is desi 
able, for some draws a medium coarse grain size has been fou 
better than a very fine grain. 

The Erichsen test has been used by some to indicate grain si 
and drawing characteristics. Our results to date have shown that 
this test does not give reliable results. The only satisfactory testing 
method has been to draw the metal into the desired shape and from 
this determine whether the metal has suitable drawing properties 

Mechanical Properties—The mechanical properties, tensile 
strength, yield strength, elongation and hardness have been suggested 
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Table V 
Reductions in Die Setup for Drawing 3SO 
Per Cent 
Pe ere ere Te eT Tre Oe 43 
, ee eer ar eee 14 
3. Operation (Mainly Forming) ......... 8 


7 


456° 








ae 
De ee Inside _—— 


Fig. 11—Sketch of Pan Used in Studying the Effect oi 
Mechanical Properties of Different Metals. 


723/52" Inside Diameter - 





Fig. lla—Enlarged View of Bend Section 
8 . . 
of Pan, Shown in Fig. 11. 


as a test for indicating the drawing characteristics. It is usually 
assumed that the lower the yield strength, and higher the elongation, 
the better the drawing characteristics. 


Our tests to date indicate that there is no definite relationship 
between mechanical properties and drawing characteristics. This is 
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not surprising when we consider the number of other factors tha 
influence the drawing of metal. 

In order to determine further the effect of mechanical propertie; 
a pan illustrated in Fig. 11 was drawn using 3SO (annealed) 35: 
Hard, 3S™% Hard and 3S Full Hard. The reductions per draw using 
3SO are given in Table V. With this die setup the 3SO and 3Sy, 
Hard could be drawn into the shell without any breakage. All the 
other tempers broke in the first draw. 














Reductions in Die Setup for Drawing 3SH 





Per Cent 
DS, oo nies dk Se Pama en oe 30 
nn . ia. Sa gia ken daee oben dee 17.4 
pS IS Gera ee bad eralkte Sb wee eee 4,0 14.0 
4. Operation (Mainly Forming) ......... 8 








A die setup was then made as given in Table VI. With thes 
reductions, sheet in all tempers could be drawn into the pan. This 
test emphasizes the dependence of die design and the reductions per 





' 


Fig. 12—Measurements Made on Shells Having 
Four Ears to Determine Whether There Was a 
Change in the Thickness of the Metal in These 
Shells. 









draw on the drawing characteristics of sheet with varying mechanica 
properties. 
EARING TENDENCY 
The ideal drawn shell should have a uniform height or a uniiorm 
width of flange. In production it has been found that some shells 
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ler factors thar 





may have four or eight projections accompanied by a similar number 
of depressions. This condition is designated as “earing”. The 
amount of earing may vary with different lots of metal or even 
within the same lot. It is desirable that the earing tendency be at a 
minimum because otherwise an excessive amount of metal has to be 
trimmed off to obtain a uniform height or flange. In some cases the 
original blank size based on metal that does not ear will not be 
large enough to obtain the desired height in the depressed areas. 
Measurements were made on shells which had four ears to deter- 
mine whether there was any change in the thickness of the metal in 


nical properties 
annealed) 3S1, 
per draw using 
3SO and 3Sy, 
akage. A\ll the 





ent such shells. The results are given in Fig. 12. There is a decided 
' thickening at the top of the shell in the low part as compared with 








Table VII 
Effect of Drawing on the Mechanical Properties of 3SO and 52SO 






























‘IT. With these 


the pan. This 


; No. 
reductions per of Thickness Tensile Per Cent Yield Approx. 
Alloy Draws Inches Strength Increase Strength Elongation Hardness 
3S 0 0.103 16,000 se 6,000 30 Oo 

0.100 18,740 17.2 16,700 11.0 4H 
2 0.097 22,140 38.4 20,800 9.0 14-%H 
’ 0.097 23,710 48.2 21,900 8.0 %H 
4 0.098 24,240 51.5 22,300 7.5 ¥%4H 








0.103 1 ves 14,200 : 
l 0.101 34,390 18.0 31,600 6.0 %4-Y4H 
2 0.090 39,710 36.2 37,100 5.0 ¥%H 
0.087 42,680 46.5 38,600 5.5 H 
0.089 750 36,100 5 H 











the high part of the drawn shell. This may be caused by the varia- 
tion in resistance to shear during drawing by grains having different 
orientations. 

A number of factors such as composition of the alloy and roiling 
procedure affect the grain orientation in sheet. The shape of the 
shell to be drawn also influences the formation of ears as round 
shells show the effect of earing tendency much more than rectangular 
: shells. This is very likely caused by the difference in the concentra- 
" tion of stresses in drawing. 
ing mechanica! 
FLow oF METAL 







(he design of the dies and the adjustments of the blankholders 
during drawing should be such that the metal will take the desired 
shape without buckling and with minimum change in thickness. 


it or a uniform 
at some shells 
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Under these conditions the following stresses will be present durin 
the drawing operation. 

1. Compression 

2. Tension 

3. Shear. 


Because the compression is most pronounced on the periphery 


of the blank, there should be a slight thickening of the metal toward 
the top of the drawn shell. This has been verified in measuremen: 
made on formed shells. In some draws, such as the forming of , 
dome shaped cover, considerable blankholder pressure is used which 
increases the tension on the metal. In such draws there may be a 
decrease in cross section. 

Even though there is no great change in the thickness of meta 
when drawn into shells, there is a considerable amount of strain 
hardening resulting from cold work as indicated by mechanical pro 
erties of specimens taken from drawn shells. These properties dur 
ing the various stages of drawing of 3SO and 52SO are given i 
Table VII. The small change in thickness is, no doubt, due to th 
movement by tension neutralizing that produced by compressio 
which would cause a considerable amount of cold work without a 
appreciable change in dimensions. 

In rectangular or odd shaped articles the flow of metal in variou 
sections varies more than in round shells. Usually thickening occurs 
faster at the corners, and as previously stated, the design of the di 
must make allowance for this effect in order to avoid excessive blan! 
holder pressure in this area which would cause the metal to fractur 

The change in properties of the metal in the drawn shell offers 
an explanation for the limits per draw previously listed. The first 
draw is made on a blank in the annealed (O) temper which allows 
comparatively large reduction. Because of this draw the temper 0! 
the metal in the side walls is increased to approximately 4H. 0! 
account of this increased hardness a lower reduction must be use¢ 
in the second draw. The hardness of the metal in the side walls 
after the second draw is increased to approximately ™%4H so th 
third draw requires a smaller reduction. After this draw the hardness 
remains at 34 to full hard so that the 15 per cert reduction is satis 
factory for the fourth and succeeding draws. 

From the results given in the table, it is noticed that while the 
percentage increase in tensile strength is about the same for both 
3S and 52S, the actual increase in tensile strength is considerabl\ 
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oreater for the 52S. It has been found that the reductions per draw 
for alloys similar to 52S should be kept at the lower limits previously 
listed. 

It should be remembered that the discussion of the flow of metal 
and the increase in hardness does not take into consideration drawn 
shells in which the cross section of the metal is changed appreciably. 
Such reductions are often made when forming cartridge cases or 
similar articles. In such draws other factors will affect the flow of 
metal which have not been taken into consideration in our paper. 

The forming of metal in draw presses has been done for many 
vears without receiving a great deal of attention in the literature. 
For this reason practices in different plants vary to a great extent 
and are usually the result of experience that has been gained over a 
period of years. It is believed that a great deal of useful informa- 
tion could be obtained by an exchange of ideas which would be of 
benefit to the metallurgists as well as the men in the plant. Such 
interchange of ideas is best obtained by presentation of papers before 
societies such as ours. It is hoped that others who are familiar with 
drawing of other metals and alloys will discuss this subject from their 
viewpoint which will lead to improvements that will benefit all those 
who are interested in this important subject. 


DISCUSSION 





Written Discussion: By E. V. Crane, E. W. Bliss Co., Brooklyn, N. Y. 

The photographs accompanying this paper are extremely well prepared and 
make particularly valuable and excellent illustrations of the plastic flow which 
takes place in metal in drawing operations. The data accompanying the illus- 
trations is thoroughly and completely recorded. It would be interesting, if in 
a future paper the authors would also correlate the change of physical properties 
during the drawing operation with the dimensions of the part and with the 
actual blankholding and drawing pressure for different reductions and heights 
of draw, which might possibly be obtained from the hydraulic drawing press 
mentioned in Table I. It would also be interesting if information were available 
n the maximum drawing velocity or crankpin velocity which has proven prac- 
tical in the drawing of aluminum. 


Authors’ Reply 


We appreciate the discussion by Mr. Crane. In answer to his question 
about speed of drawing, we have not found an upper limit in the speed of the 
ram using the present mechanisms of placing the blank on the die or getting 
the shell out of the press. 

Further increase in the speed of the ram will be dependent on improve- 
ments in the blank feeding and shell removal mechanisms. 












































































A HARDENABILITY TEST FOR SHALLOW 
HARDENING STEELS 


By W. E. Jominy 


Abstract 





A method i: presented for measuring the hardena- 
bility of shallow hardening steels using the end cooling 
principle. It has been found that steels having a hardena- 
bility of % inch or less on the standard bar now in use 
can be measured more accurately on the new bar. The 
test has been used on high, medium and low carbon steels 
and the results obtained are given in the paper. 


HE method of measuring hardenability of steel by cooling one 

end of a bar and then measuring the length of the hardened 
zone has been used with good success for several years. This 
method was first described in 1937* as applying to carburizing 
steels and again in 1938? as applying to oil hardening steeis. 
The method is especially suitable for alloy steels particularly thos 
whose critical cooling rate is in the range between 5 and 150 degree: 
Fahr. per second. For shallow hardening steels, however, the method 
has not been so satisfactory because the drop in hardness comes ver) 
close to the water-cooled end of the bar due to the relatively high 
critical cooling rate of these shallow hardening steels. 

The steels used in automotive applications which are usually 
given the most critical inspection are the alloy steels since these are 
commonly used where the stress concentration is high. These steels 
have occupied our attention for the most part and it was for these 
steels that the hardenability test was developed. However, we have 
recently had problems involving the hardenability of the more shal- 
low hardening plain carbon steels and it was felt desirable to develop 
a test for these steels. It was also thought worthwhile to use the 
end cooling method and if possible the same equipment now used by 
a number of laboratories for the end cooling method of hardenability 
measurement. 

After some experimentation a test was devised which appears 


1American Society for Metals, Vol. 26, 1938, p. 574. . ' 
*Hardenability of Alloy Steels, American Society for Metals Publication, 1939, p. 66. 


A paper presented before the Twenty-first Annual Convention of the 50 
ciety held in Chicago, October 23 to 27, 1939. The author is associated with 
the metallurgical department, Research Laboratories Division, General Motors 
Corp., Detroit. Manuscript received June 23, 1939. 
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to fit the requirements just enumerated. It consists essentially of 
using our standard hardenability test bar which has had a tapered 
hole drilled in the water-cooled end and hardening on our regular 
test equipment. The test bar found to be most satisfactory is shown 
in Fig. 1. While many of the first tests were made on a bar 3 inches 
long, it was soon discovered that a 2-inch bar was long enough and 






























Fig. 1—Test Bar Design 
Found to be Most Satisfac- 
tory. 











so the 2-inch bar was adopted for general use. In order to use this 
bar on the regular cooling equipment described last year, a longer 
adapter was necessary as shown in the figure. The important thing 
about this test bar is the shape of the hole cut in the end. This hole 
produces a wall thickness of 3% inch at the extreme end to ™% inch 
at the top of the hole. The test specimen is heated to whatever 
hardening temperature is desired, then hung vertically in the fixture 


on the hardenability equipment and water at 75 degrees Fahr. is 
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sprayed into the hole in the end. It has been our custom to increag 
the height of the water column to 4 inches before making a test wit) 
this type of bar whereas with our standard bar the height of the 
water column is kept at 2.5 inches. This is easily adjusted by meap: 
of the valve provided for the purpose in the standard equipment. 
/ The time of heating and the temperature used should correspond 
with that intended to be used in production operations. 


700 


Likewise. 
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Rate of Cooling, F per Second at 1300 F 
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Distence from Water-Cooled End, In 














Fig. 2—Relationship of Location on Type L 
Bar and Cooling Rate. 


the metallographic structure of the steel to be tested should corre- 
spond to what it will be in the production operation before hardening 

The type L specimen provides a gradual change in cooling 
rate along the bar so that shallow hardening steels may be graded 
for hardenability. In order to determine the cooling rate at various 
points on the bar a chromel-alumel thermocouple was welded to th 
surface of the bar at fixed distances from the end and the bar coole¢ 
on our standard fixture after heating to a proper temperature. The 
wires of the thermocouple were separately spot welded to the surface 
of the bar so that they were the same distance from the end and 
about % inch apart. Two or more cooling tests were made for each! 
point investigated and the cooling rate at 1300 degrees Fahr. was 
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determined while the sample was cooled from 1700 degrees Fahr. on 
the standard fixture. A recording pyrometer was used to read the 
temperatures during the cooling cycle. The heating of the bars was 
done in a stainless steel container 2 inches in diameter and 7 inches 
high fitted with a cover 3'y inch larger in diameter than the container. 
Cast iron chips were placed in the bottom of this container to a depth 
of about 1 inch and the test specimen placed on these chips. With 


1" Round Bar Quenched 
in Water | 


} 


t Tr 









8 
S 





D 
9 
S 














ran marten mmmene 
Type L Hardenability 
Bar | 


~ Wn 
9S 
8 Ss 


Rate of Cooling at 1022 °F. in °F per Sec 





4% 
Distance from Surface or from 
Weter-Cooled 


























End 


Fig. 3—Location of Equal Cooling Rates. 


this procedure the specimen was kept nearly free from scale in the 
hole and with very little scale on the outside of the specimen. 

The rate of cooling at the various points on the bar is shown in 
tig. 2. The distances listed on the curve are measured from the bot- 
tom face and do not include the cupped part which extends 3°; inch 
tarther. The rate of cooling was observed only to 1.25 inch from 
the bottom face as the rates beyond this are readily obtained on the 
standard bar. It has been especially gratifying to find the change in 
cooling rate quite gradual as compared to other bar shapes. For in- 
stance a l-inch round bar quenched in water has a much more rapid 
change in cooling rate. According to Scott* a 1l-inch round bar 


TRANSACTIONS, American Society for Metals, Vol. 22, 1934, p. 68. 
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quenched in water will cool at 1022 degrees Fahr. at the rate of 76) 
degrees Fahr. per second at 0.04 inch below the surface, at 378 degree; 
Fahr. per second at 0.08 inch below the surface, at 252 degrees Fahr 
per second at 0.12 inch below the surface and at 180 degrees Fahr. per 
second at 0.16 inch below the surface. On our test bar for shallow 
hardening steel the cooling rate is 650 degrees Fahr. per second a 
0.125 inch from the bottom, 340 degrees Fahr. per second at 0.25 
56 


& 




















8 


% 


® 








& 





Time to Coo/ to Ve Ternpereture, Seconds 
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Distance from Water-Cooled End, In. 


Fig. 4—Relationship of Location on Type 
L Bar and Time to Cool to % Temperature. 


inch from the bottom, 245 degrees Fahr. per second at 0.375 inch 
from the bottom, and 190 degrees Fahr. per second at 0.50 incl 
from the bottom. The change in cooling rate is then about three 
times more gradual on our bar than on a 1-inch round quenched in 
water so that the test is more sensitive than with a l-inch round bar. 
This is shown graphically in Fig. 3. In this figure is plotted the rate 
of cooling at 1022 degrees Fahr. at various distances from the surface 
of a l-inch round bar quenched in water. This curve is replotted 
from Scott’s* data. Using the same scale there is also plotted in 
Fig. 3 the rate of cooling at 1022 degrees Fahr. of various locations 
on the type L hardenability bar. A comparison may thus be had 
between the two bars. For instance a rate of cooling of 600 degrees 
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Fahr. per second may be found at ; inch beneath the surface of the 
water-quenched 1-inch round bar and at gy inch from the end on the 
type L hardenability bar. A change of rate of cooling from 600 to 
200 degrees Fahr. per second corresponds to a distance of 3% inch, 
from #z to ¢ inch beneath the surface on the 1-inch round water- 
quenched bar. On the type L hardenability bar the same change in 
rate of cooling corresponds to a distance of 44 inch, from ?; to 34 
inch from the water-cooled end. 

Although cooling rate is usually considered when discussing 
hardenability, Grossmann, Asimow and Urban* prefer to con- 
sider what they call time to cool to one half temperature. That is 
the time required to cool from the bar temperature as the bar leaves 
the heating furnace to a temperature half way between the bar tem- 
perature and the temperature of the quenching medium. Fig. 4 
shows the time to cool to one half temperature at the various points 

‘Table | 
Type L Bar Cooling Rate Data 





Location Average Average 
Distance from Cooling Rate Time to Half 


Water Cooled End at 1300 Degrees Fahr. Temperature 
Inches °F. /Sec. Seconds 
1% 665 1.90 
4 370 3.12 
WP 210 6.75 
% 115 12 
1 54 27 
51 


1% 26 











on our shallow type bar. Table I shows the cooling rate as well as 
the time to cool to one half temperature at the various locations on 
the bar. 

A number of steels have been tested for hardenability using this 
test bar. A series of steels containing in the neighborhood of 1 per 
cent carbon were among the first to be tested. These steels whose 
composition and grain size are listed in Table II were first tested by 
heating them in the form of our type L bar to 1450 degrees Fahr., 
the total time in the furnace being 30 minutes. It was found that the 
steels were all quite shallow hardening and when several tests for the 
same steel were compared, rather poor checks were obtained. It was 
decided that perhaps the time of heating was not long enough so the 
tests were again run using 1 hour’s time. In this case all the dupli- 
cate bars of the steels checked well. Two tests were run on each of 


‘Hardenability of Alloy Steels, American Society for Metals Publication, 1939, p. 124. 
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the eight bars and the hardenability was rated by the distance frop 
the bottom of the bar at which the hardness was Rockwell ( 6p ,, 
more. The same result was obtained on each of the check tests wiy 
the exception of bars T-3. In this case one bar gave a result of - 
inch and the other gave %5 inch. It appears from these results tha; 
it is possible to obtain data which check within '5 inch. 
Table 11 
Composition and Grain Size of High Carbon Steels 









—__—_______—_—_—_—_—_—_—Per Cent — — ——— at 1500 
Steel . Mn Cr V ar S Degrees Fah: 
T-] [33 0.28 0.13 a 0.005 0.012 6-8 
T-2 0.96 0.33 0.19 ay 0.004 0.011 7.9 
T-3 1.01 0.30 ea ian 0.008 0.013 2-3 and 6-5 
T-4 1.08 0.37 0.41 0.17 0.005 0.012 
r-5 1.20 0.38 eal area 0.006 0.015 
T-6 1.11 0.37 0.15 haee 0.005 0.014 
T-7 1.01 0.22 trace oso 0.005 0.012 
T-8 537 0.27 trace - 0.006 0.012 g 
T-9 1.05 0.31 0.56 0.16 0.007 0.010 6-2 





*Determined by the oxidation method of Tobin and Kenyon. Heated 
1500 degrees Fahr. 









These bars were again tested by heating to 1500 degrees Fal 

and cooling, also by heating to 1550 degrees Fahr. and cooling. T! 
results of the test are given in Table III. The data obtained on fow 
of these steels have been plotted in Figs. 5, 6, 7 and 8. It will | 
observed that the steels are all deeper hardening when cooled fro 
1500 degrees Fahr. than when cooled from 1450 degrees Fahr. C 

ing from 1550 degrees Fahr. caused still deeper hardening to occu 


This of course was expected. 





Table Ill 
Results of Hardenability Tests of High Carbon Steels 










*Hardenability *Hardenability *Hardenability 
Cooled Rate of Cooled Rate of Cooled Rate 

from 1450 Cooling from 1500 Cooling from 1550 Cooling 
Stee] Degrees Fahr ’F./Sec. Degrees Fahr. °F./Sec. Degrees Fahr F./S« 
T-1 Fs 310 4 270 ! 1 
T-2 Vs 270 /, 210 
T-3 310 Vy 270 
T-4 210 %4 115 ns 
Tes 210 Ye 155 4 
T-6 710 V4 115 4 
TJ 4 370 % 71) : 
T-8 “4 370 % 70 


*Distance in inches from bottom of specimen where hardness was Rockwell C ¢ 
more. 


In Table III are also shown the cooling rate in degrees 





per second necessary to get a hardness of Rockwell C 60. 
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be seen from the table that at 1450 degrees Fahr. the cooling rate 
necessary to get a hardness of C 60 on these steels is 370 degrees 
Fahr. per second on the shallowest hardening steel to 210 degrees 
Fahr. per second for the deepest hardening steel. When cooled from 
1550 degrees Fahr. these steels differ more in hardenability than 
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Fig. 6—Type L Bar Hardenability Curves. Steel T-2. 





when cooled from 1450 degrees Fahr. Here the cooling rate neces- 


sary to produce a hardness of Rockwell C 60 varies from 270 degrees 










Fahr. per second for the shallowest hardening steel to 80 degrees 
Fahr. per second for the deepest hardening steel. 

Fig. 9 shows the hardenability curves of steel T-9 after heating 
for 4 hour, 1 hour, and 2 hours at 1450 degrees Fahr. and cooling 
on the standard fixture. As will be observed there is only a small 
difference between the curve corresponding to a heating time of 2 
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hours and that for 1 hour. There is however a large difference jy, 
hardenability between the heating time of 1 hour and that of 1 
hour. Considering the usual rule of allowing 1 hour per inch of 
thickness, % hour should be long enough to heat the section at the 
Y%4-inch point but it appears to have been quite insufficient. Whil. 
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Fig. 7—Type L Bar Hardenability Curves. Steel T-3. 
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Fig. 8—Type L Bar Hardenability Curves. Steel T-4. 


it is true that this steel had its carbide in the spheroidal form, it 1s 
also true that most commercial steels containing 1 per cent carbon 
are supplied in the spheroidized condition. 

A metallographic examination was made of two of the hardena- 
bility bars—the bar heated %4 hour and the one heated 1 hour. The 
sections were taken at 3%; inch from the water-cooled end in both 
cases and are shown in Figs. 10 and 11. The hardness on the bar 
heated %4 hour at this point was Rockwell C 42 and on the bar 
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heated 1 hour was Rockwell C 66. The photomicrograph of the steel 
heated 30 minutes shows free ferrite areas whereas the bar heated 1 
hour shows none. This appears to be plainly a case of insufficient 







time for complete solution. 
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NB 1 Houre at 1450 °F. 
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Type L Bar Hardenability Curves. Steel T-9. 









Fig. 12 shows the structure of the bar which was heated 1 hour 
at a point 1.25 inch from the water-cooled end where the hardness 
was Rockwell C 33. As may be seen, no free ferrite is present even 
with the slow rate of cooling at this point. 









Table IV 
Composition and Grain Size of Low and Medium Carbon Steels 























Steel ¢ - Per Cent———— ec, Grain 
S.A.E. No. Cc Mn Ni Cr Mo V S Size 
1020 0.19 0.49 giekh ie ien aoa ieee 0.031 6—7 
1050 0.50 0.70 aaa oad Sad pete ats deh 5-6 
2315 0.18 0.67 3.63 ce pas anaes 0.019 3-4 
3115 0.14 0.50 1.08 0.68 ans ae 0.029 6 
4615 0.19 0.52 1.88 ell ie 0.27 ; s 0.017 6-8 
4815 0.15 0.49 3.56 cas 0.23 inks 0.014 6-7 
5115 0.14 0.70 ae 0.94 Ree as 0.025 6 
6115 0.19 0.48 veer 1,23 seba 0.017 “ees 6-7 










The phosphorus in all these steels was under 0.025 per cent. 











A number of medium and low carbon steels have been tested 
with the type L bar. Some of these steels are listed in Table IV 
which gives their composition and grain size. The S.A.E. 1050 steel 
was cooled from 1550 degrees Fahr. and the other steels were cooled 
from 1700 degrees Fahr. The time of heating for these steels was 
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Fig. 10—-Photomicrograph of T-9 Steel at # Inch Position on Hardenability Bar 
Heated 30 Minutes. Etched in Nital. 1000. 

Fig. 11—Photomicrograph of T-9 Steel Same Location as Fig. 11. Heated 1 Hout 
Etched in Nital. > 1000. 

Fig. 12—Photomicrograph of T-9 Steel at 1%4 Inches Position on Hardenability Ba: 
Heated 1 Hour. Etched in Nital. X 1000. 
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Fig. 13—Hardenability Curves Type L Bar. S.A.E. 
Steels as Shown. 
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Fig. 14—Hardenability Curves Type L Bar. S.A.E 
Steels as Shown. 












30 minutes. 
standard bar and would not need to be tested with the type L bar. 
Such steels as the S.A.E. 2315 and 4815 could easily be measured on 
our standard bar. These steels have been presented, however, to give 
a comparison with shallow hardening steels and to show that the type 
L bar is suitable for relatively deep hardening steels. It has been 


Several of the steels could be measured as well on our 
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found that steels whose hardenability is ™% inch or less on th 
standard bar can be measured with greater accuracy on the type | 
bar. 

The hardenability readings of four of these steels are given jp 
Fig. 13. This figure gives the Rockwell C hardness corresponding 
to the locations on our type L bar for steels S.A.E. 1050, 2315, 6115. 
and 5115. There is also listed in this figure the cooling rate at 130) 
degrees Fahr. which has been obtained at 4, %, %4, 1, and 14%- 
inch locations on the type L bar. These latter are not exactly to 
scale but are correct for the point of location. 

The maximum hardness of Rockwell C 65 for steel S.A.E 
1050 is in good agreement with that indicated on Burns, Moore and 
Archer’s® curve showing the maximum hardness obtainable for 
steels of all carbon contents from zero to 1.00 per cent carbon. The 
hardenability for this steel is quite good for plain carbon and from 
the curve it appears that with a cooling rate of 210 degrees Fahr. per 
second the hardness will be Rockwell C 60 or above. 

For the S.A.E. 2315 steel the curve shows that with a cooling 
rate of 54 degrees Fahr. per second or more a hardness of Rockwell 
C 40 to C 45 will be obtained. Here again the maximum hardnes; 
obtained agrees with Burns, Moore and Archer’s curve. The same 
rate of cooling (54 degrees Fahr. per second) will give a hardness of 
C 30 for the S.A.E. 6115 and 5115 steels. 

Fig. 14 shows the curves for steels S.A.E. 4815, 4615, 3115, 
and 1020. It should be noted that the ordinate scale has been shifted 
on this curve and this must be kept in mind in comparing steels in 
Fig. 14 with those in Fig. 13. Of the alloy steels tested the S.A.E. 
3115 is the shallowest hardening. This is due in part we believe to 
its relatively low manganese content as compared to S.A.E. 5115 
steel and its low carbon content as compared to S.A.E. 4615 and 6115 
steels. The S.A.E. 4815 steel appears to give the deepest hardening 
characteristics especially since its manganese and carbon contents 
are as low as those in the S.A.E. 3115 steel. The S.A.E. 1020 steel 
is decidedly the shallowest hardening steel of all and is in a class by 
itself in this regard. Since Rockwell C readings are not considered 
accurate below C 17, the points on the curve below this value are onl) 
approximate and are presented merely to give comparative values 
with the other steels. 


SHardenability of Alloy Steels, American Society for Metals Publication, 1939, p. 124, 
and Transactions, American Society for Metals, Vol. 26, 1938, p. 1. 
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In addition to testing the steel, this data may be used to estimate 
the behavior of steel when machined into parts and heat treated. 
For example, the Chevrolet rear axle drive pinion has been found to 
cool at the rate of 55 degrees Fahr. per second at 1300 degrees Fahr. 
when quenched in strongly agitated oil from 1700 degrees Fahr. at 
a point corresponding to the center of a gear tooth at the base. If 
this pinion were made from any of the steels listed on the curves and 
were carburized and quenched directly from the carburizing tempera- 
ture into oil, we can determine what hardness would be obtained at 
the center of the gear tooth at the base. If made from S.A.E. 1020 
steel, the hardness would be less than Rockwell C 10; if made from 
the S.A.E. 3115 steel shown in Fig. 11, the hardness would be Rock- 
well C 21; if made from the S.A.E. 5115 or 6115 steels, the hardness 
would be Rockwell C 30; if made from the S.A.E. 4615 steel, the 
hardness would be Rockwell C 33; and if made from the S.A.E 
2315 or 4815 steels, the hardness would be Rockwell C 40. It should 
be remembered that steels having a carbon range of 0.10 to 0.20 per 
cent will vary considerably in hardness though they be of the same 
type, so that in studying such steels due allowance must be given to 
the actual carbon content. 

The author is indebted to Mr. A. L. Boegehold for his many 
helpful suggestions and to Mr. Eric Weinman who made most of the 
tests. 


DISCUSSION 


Written Discussion: By O. W. McMullan, Youngstown Sheet & Tube 
Co., Indiana Harbor Works, E. Chicago, Ind. 

The use of a specimen which extends the zone of hardness drop in end 
quenching tests is a desirable addition to the method when testing shallow 
hardening steels. The type L specimen, however, is one which machinists 
object to making unless lathe equipment is new and even then it is not a simple 
job. In regard to using the same equipment now in use in various laboratories 
it might be remarked that different equipment is being made for the skirted and 
beveled end specimens and the two are not interchangeable. The equipment the 
writer uses was not designed to handle a skirted specimen like type L and 
changing to a bevel might affect results near the thin end. Presumably the 
author did not find a specimen of simpler design, such as a smaller cylinder 
beveled at the end, to be suitable. Interchangeable conical seats of different 
diameter would not have greatly complicated the design of the quenching fix- 
ture. 

Fig. 9 shows that increasing the time of holding at temperature before 
quenching is similar in effect to increasing the temperature from 1450 to 1550 
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degrees Fahr. and using a constant holding temperature as shown by Fig 
to 8. Holding time at 1550 degrees Fahr. to produce maximum depth hardnes 
would probably be less than the required holding time at 1450 degrees Fah, 
The effect appears to be the result of a time-temperature relationship necessar 
to get the carbides into solution rather than only the temperature from whic! 
cooling is started. Perhaps the statement on page 1078 that it was expected 
that all the steels would be deeper hardening when cooled from increasing) 
higher temperatures between 1450 and 1550 degrees Fahr. could be amplifie 
in this respect. Would this be true if the steel were of such compositio 
(previous microstructure also having an effect on required time at temperature 
that all carbides would dissolve at 1450 degrees Fahr.? Another angle of a 
proach would be by heating to higher temperatures and then equalizing at 155 
and 1450 degrees Fahr. before quenching. This subject of delayed quenching 
has been a source of considerable variation in opinion and the end quenching 
method should offer a good means of determining the effect of the method o: 
depth hardness. 

The author’s data on cooling rates at 1300 degrees Fahr. of different points 
along the specimen were determined on specimens cooled from 1700 degree: 
Fahr. In Table III those data have been applied when cooling started at 145 
1500, and 1550 degrees Fahr. Is it strictly true that cooling rates at 130 
degrees Fahr. of various points on the specimen would be the same regardles: 
of temperature from which cooling started? 

Written Discussion: By Gordon T. Williams, metallurgist, testing an 
research laboratory, Deere & Co., Moline, III. 

The specimen for shallow hardening steels is especially interesting to 1 
discusser because of his own tests, described in another paper, which showe 
that varying water temperature, or length or diameter of the flat-end harder 
ability specimen did not change the resulting hardness curve, and it was obviou 
that a modified shape would have to be used to increase the possible number 
hardness test points through the portions showing greatest change in cooling 
rate. Mr. Jominy has provided a design which does this excellently, althoug! 
the specimen is by no means easy to make. 

The cooling rates for the new bar are not the same as found by Jomin 
on the flat-end bar for given distances from the quench face; for example, at 
4 inch along the type L specimen, the quenched face is 44 inch away, and a 
cooling rate at 1300 degrees of 210 degrees per second is given; at 4} incl 
along the standard bar he found a rate of about 100 degrees per second. Suc 
differences are perhaps due to the added effect of the flat inner end of th 
taper hole. 

Can the author give any data regarding effect of a change in steel type © 
cooling rates? It might be expected that the change in recalescence with var) 
ing analysis might affect the cooling rate considerably. We have noted that 
steels appeared to differ greatly in the overall total cooling time. For tha! 
reason it would seem safer to compare similar steels only, in translating tes! 
bar values to expected results in finished sections. 

It might be of interest to note that the cooling rates in a 1l-inch round 
cited from Scott’s work and the cooling rates previously given by Mr. Jom) 
(TRANSACTIONS, American Society for Metals, Vol. X XVI, p. 582) for var! 
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hown by Figs, ; ous distances from the quenched end will fall on the same curve when plotted ; 
= depth hardness ‘n other words, up to % inch from the quenched end, the standard hardenability 
50 degrees Fah; curve should coincide with the traverse of a l-inch round. 

ionship necessar The writer has employed a useful variation of the standard test, for car- 
ture from whic! burized steels; readings are taken along the surface or at a selected small depth 
r was expected below the surface of the hardened specimen; a surface is then ground flat below 
rom increasing) the case, and core hardening curve is obtained. It might also be mentioned that 
uld be amplified the effect of the case in reducing core hardening is found by this test just as 


‘uch compositio hy traverses, and hence the core hardenability should be determined with the 
at temperature case present. 
her angle of ap Written Discussion: By H. W. McQuaid, assistant chief metallurgist, 
jualizing at 155) Republic Steel Corp., Cleveland. 

‘layed quenching The end-quench test, as described by Messrs. Jominy and Boegehold at the 
. end quenching 1937 Annual Meeting, furnished a long needed test for hardenability, which 
t the method o1 promises to eliminate all others as a means for the evaluating of hardenability 
— of alloy steels. The valuable quality of this test was that it was independent 
: different points of size or length of specimen, and gave in one test practically complete informa- 
m 1700 degree tion as to the comparative hardenability of the steel being tested in any section 
Started at 145() 1 quenching medium. It was based on the fact that the cooling rate of any 
g rates at 130 point in a piece of steel was the same as any other point which was the same 
same regardless distance from a surface maintained at constant temperature. In the Jominy end- 
quench test piece the end of the specimen is maintained at a temperature of 
ist, testing and approximately 70 degrees and theoretically this is the only important factor 


for the rate of cooling of a point at a given distance from the cold end. 


teresting to th The test piece described in the present paper, while ingenious and useful, 

which showe falls into the class of an arbitrary test piece which is no longer independent of 
flat-end harder diameter or length. There is no doubt in my mind but what it is extremely 
I it was obvious practical and overcomes the objection of the end-quench Jominy test in that it 
sible number ot magnifies variations in hardenability in steels of the shallow hardening type. 
ange in cooling It will be used to supplement the end-quench Jominy type but will probably) 


lently, althoug! require considerable investigation before it could be accepted as a standard test 


| on carbon steels. 
und by Jominy It is of interest that Mr. Jominy found difficulty in obtaining uniform 
tor example, at hardenability unless he increased the quenching temperature to obtain more com- 
ch away, and , plete carbon solution and diffusion. It is my opinion that much of the differ- 
en; at $4 inch ence in hardenability which has been ascribed to variation in the size of the 


r second. Suc! austenite grain is due to a nonhomogeneous distribution of the carbon in the 


ner end of th austenite. Apparently we have more difficulty in some heats than in others in 
7 obtaining uniform carbon diffusion, so that, at the time of quenching, there are 
- steel type o boundaries and perhaps other areas low in carbon which have a high trans- 
ence with var) formation rate. When this occurs the hardenability is relatively low. 

ave noted that 


ime. For that Oral Reply 


translating test 6 . 
A. L. Borcenotp:® I am not going to cover all of the points that were 


brought up by the discussers. I think I will leave that for Mr. Jominy, but 


a l-inch round : : ; : 

| might make a few remarks on the type specimen. We have not found that 

by Mr. Jomin) 

582) for vari Research Laboratories Division, General Motors Corp., Detroit. Mr. Boegehold pre 
the Jominy paper in his absence. 
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machining this type specimen causes any difficulty. 
not too difficult when you get used to making it. 
Concerning the interchangeability with a standard specimen, I might sa 
that we have discontinued using the beveled seat for the plain ended specimen 
It is only necessary to hang the specimen in the spot provided for the skirted 
end specimen and direct the stream of water at the bottom of the specimen an 


You will be satisfied jt ; 





no water goes up the side of the specimen. So you can throw away your 
fixture with the beveled seat making one quenching apparatus suitable for | 
types of specimens. 

The determination of cooling curves starting from an initial temperatur 
of 1700 degrees Fahr. and from 1450 degrees Fahr. have been made on 
standard hardenability specimen, but has not been made on the type L spec; 
men. We found that whether you started at 1700 or 1450 degrees Fahr.. th; 
cooling curves were almost identical and we have assumed that the same is tru: 
for the type L specimen. This point however will require checking. 

The point that Mr. Williams brought up about high carbon steels an 
low carbon steels is pertinent, because high carbon steels, having a lower 
thermal conductivity, do cool slower, and it is going to be necessary to mak 
cooling rate curves on the two types of steels in order to get the most accurat 
results. 


That has not been done yet but it is on the docket for doing later on. 


Author’s Reply 


Mr. Boegehold answered some of the questions raised by Mr. McMullan i: 
his verbal reply to the discussion. We have not found any measurable differenc: 
between the results obtained with the type L bar whether hardened on either 
of the two types of hardenability machines now in use. I agree with Mr 
McMullan that a time-temperature relationship is involved in the development 
of hardenability. The relative completeness of carbide solution and grain siz 
of a steel of given composition appear to be the important factors affecting 
hardenability. Mr. Williams has introduced an additional factor of diffusior 
Heating to a higher temperature than 1450 degrees Fahr. and then cooling t 
1450 degrees Fahr. would probably reduce the necessary time of heating bu 
would be expected to produce the grain size of the higher temperature. 

Mr. Gordon Williams brings up the question of change in steel type affect- 
ing the cooling rates. In our standard test we keep a record of the time re 
quired to cool the specimen to about 120 degrees Fahr. or the temperature wher 
we can just endure holding our fingers at the top of the bar. We have found 
that about 13 or 14 minutes is required for steels of medium hardenability 
However, for steels having deep hardenability properties we have observed that 
this time increased to 16 and sometimes 17 minutes. We have felt that this 
was due to the fact that the bar was austenitic longer because of the lowe! 
transformation temperature and since the austenite is a poorer heat conducto! 
than ferrite plus carbide a longer cooling time ensued. Since at the cooling 
rates involved nearly all the steels are austenitic at 1300 degrees Fahr., ther 
would be very little effect on the cooling rate at 1300 degrees Fahr. Higher 
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carbon steels however do have slower cooling rates because they have a lower 
heat conductivity. 

The author wishes to thank Mr. McQuaid for his complimentary remarks 
about our standard hardenability test. In this test we attempt to have a water 
temperature of 75 degrees Fahr. although we have found that no appreciable 
difference is obtained when the water temperature is kept between 70 and 80 
degrees Fahr. 

It is true that the type L bar, for steels of low hardenability, requires 
sreater care in its fabrication than the standard bar. Nevertheless, no com- 
plicated machine operations are required and unless a machinist is very care- 
less no trouble need be experienced. The bar may be any length between 2 and 
4 inches without appreciably affecting the results. 

Mr. McQuaid brings up a rather interesting point to account for differences 
‘, hardenability of steels of similar compositions. The paper by G. T. Williams 
submitted at this convention presents a good case for this point of view. What- 
ever may be the reason for the difference in hardenability behavior of steels 
of similar composition, the fact that these differences exist seems to be pretty 
well demonstrated. 

The author appreciates the interest shown by those taking part in the dis- 


cussion. 





























CHARACTERISTICS OF 5.0 AND 7.0 PER CENT 
CHROMIUM STEELS WITH VARYING MOLYBDENUM 
AND VANADIUM CONTENT 


$y W.G. Hivporr, C. L. CLARK Anp A. E. WHITE 


Abstract 





This paper presents results obtained from short-tim 
tensile tests at room temperature and 1200 degrees Fahr., 
from rupture tests at 1200 degrees Fahr., and from a 
micro-examination of steels of the 5.0 and 7.0 per cent 
chromium types in which the molybdenum content varies 
from 0.50 to 2.0 per cent and the vanadium content from 
0.0 to 10 per cent. Twenty-one steels are considered 

[t 1s shown that in general the strength characteristics 
are continuously increased as the molybdenum content is 
varied over the given range while the strength character 
istics are decreased when the vanadium content exceeds 
a given amount. An explanation for the difference 1m 
behavior of these two elements is advanced on the basi 
of their microstructures. Consideration is likewise give 
to the influence of the increase in the chromium content 
from 5.0 to 7.0 per cent. 


N the development of steels for high temperature applications 1 
is generally recognized that certain of the carbide-forming el 
ments, such as chromium, molybdenum and vanadium, are the mos' 
effective in improving the strength characteristics. No systemat 
investigation has, however, been undertaken to determine the influ 
ence of varying additions of these elements and this is particular 
true with molybdenum and vanadium. In the case of chromium t 
influence of variations from 0.0 to 5.0 is fairly well established a1 
extensive work now in progress in several laboratories on steels ¢ 
the 5.0 to 9.0 per cent type will extend this range. 





Insofar as molybdenum is concerned, the amount of this elemen' 





in most high temperature steels has been confined to 0.50 per cen 





although some work has been done on plain carbon steels containing 








A paper presented before the Twenty-first Annual Convention of the 50 
ety held in Chicago, October 23 to 27, 1939. Of the authors, W. G. Hildor! 
chief metallurgical engineer, The Timken Roller Bearing Company, Canto! 
Ohio, and C. L. Clark and A. E. White are research engineer and directo! 
respectively, Department of Engineering Research, University of Michiga' 
Ann Arbor. Manuscript received June 24, 1939. 
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‘ining 1.0 per cent. Little information is available with respect to 


anadium additions in excess of 0.30 per cent. 
The present paper considers the influence of variations in the 


molybdenum content from 0.50 to 2.0 per cent, and in the vanadium 
content from 0 to 1.0 per cent, on certain of the physical character- 


stics of two types of alloy steels containing 5.0 and 7.0 per cent 


hromium. These two particular chromium contents were selected 


since the 5.0 per cent type has found extensive use for the past 
several years and considerable interest is now being shown in the 


her chromium steels, especially for certain oil refinery applications. 


10 
‘ts 


Since molybdenum and vanadium, as well as chromium and 


silicon, are gamma loop formers, and thus cause the appearance of 
delta iron or free ferrite when their combined addition exceeds a 
certain amount, considerable attention was given to the microstruc- 
tures of these steels and attempts made to correlate the physical prop- 


STEELS INVESTIGATED 


The steels required for this investigation were made by the 
fimken Steel and Tube Division of The Timken Roller Bearing 


Company. All of the vanadium-bearing steels as well as the molyb- 
denum steels containing 1.5 and 2.0 per cent of this element were 
made in an induction furnace, while the remaining ones were melted 


in commercial electric-arc furnaces. This difference in the method 


{ manufacture may influence the magnitude of certain of the 
values obtained but it is not believed that it will change the trends 
developed. This belief is substantiated by values obtained from 
both induction and commercial heats of Si-Cr-Mo 7 and Si-Cr-Mo 
/ + 1.0 Mo steels. 

The chemical composition, heat treatment and Brinell hardness 
of the twenty-one steels considered are given in Table I. On the 
basis of chemical composition, these steels may be divided into 
hve groups. In three of the groups the molybdenum content is 
varied through the steps of 0.5, 1.0, 1.5 and 2.0 per cent and the 
groups differ in that one contains 7.0 per cent chromium and the 
other two 5.0 per cent. These latter two groups differ in that one 
contains 0.50 to 1.0 per cent silicon and the other 1.0 to 1.5 per 
cent of this element. In the remaining two groups the vanadium 
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Table I 
Chemical Composition, Heat Treatment and Brinell Hardness of 5.0 and 7.0 Pp 


er C 
Chromium Steels with Varying Molybdenum and Vanadium Content _ 


Steel | -~Chemical Composition, Per Cent—, Heat-Treatment Brine 
Designation _C Mn =|) le Mo V Degrees Fahr. 
Steels with Varying Molybdenum Content 
0.43 0.92 7.33 ea iin. ae D. 1500 174 
0.38 0.82 .29 J 
0.88 .47 
0.88 .54 
.24 
22 


.34 
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Note: The drawing time at 1500 degrees Fahr. was 6 hours in all cases. 


content is varied from 0 to 1.0 per cent, with one group contain 
ing 5.0 per cent chromium and the other 7.0 per cent. 

All of the vanadium-bearing steels, the 7.0 per cent chromuiun 
steels and the 5.0 per cent chromium steels containing 1.5 and 2! 
per cent molybdenum were normalized from 1750 degrees Fabhr. 
and drawn at 1500 degrees Fahr. for 6 hours. The 5.0 per cent 
chromium steels containing up to 1.5 per cent molybdenum wer 
annealed from 1550 degrees Fahr. (845 degrees Cent.). These 
heat treatments were purposely varied in order to conform to what 
would undoubtedly be commercial practice for producing the de 
sired Brinell hardness. The hardness values of the heat treated 
steels ranged from 152 to 197 Brinell. 


RESULTS 


The influence of variations in the molybdenum and vanadium 
contents on the physical characteristics of 5.0 and 7.0 per cent 
chromium steels is determined on the basis of tensile tests at room 
temperature and 1200 degrees Fahr., stress-rupture tests at 1200 
degrees Fahr. and a metallographic examination of the steels in 
the given condition of heat treatment. The particular temperature 





December 193 CHROMIUM STEELS 1093 



































oe Si-Cr-Mo 5 TYPE STEELS | 
© Si-Cr -Mo $TYPE STEELS. | TENSILE STRENGTH 


4 Si-Cr-Mo 7 TYPE STEELS 


0 and 7.0 Per Cent 


m Content 
catment Brinel] 
; Fahr. Hardness 


D. 1500 
D. 1500 
D. 1500 
D. 1500 


el 
ww 
uw 
o 
So 


, PROPORTIONAL LIMIT 


—_— = 
uum CGOunm 
uwum . 

So 





STRESS, 1000 POUNDS PER SQUARE INCH 


oo 

ROO wee OO 
vin < 

oO 

oo 


D. 1500 
D. 1500 
D. 1500 
D. 1500 
D. 1500 


1550 
D. 1500 
D. 1500 
D. 1500 





ases. 


DUCTILITY, PER CENT 


group contain- 


cent chromiun a oO 

= z 
ng 1.5 and 21 3 | BRINELL 

. < 

degrees Fahr. x 
e 5.0 per cent 0.5 1.0 1.5 2.0 2.5 
vbdenum wer MOLYBDENUM CONTENT, PER CENT 
. > Thece Fig. 1—Influence of Varying Molybdenum Content on the 
ent. ). hese Room Temperature Physical Properties of 5.0 and 7.0 Per 


nform to what Cent Chromium Steels. 


lucing the de- 


; { 1200 degrees Fahr. was chosen for this investigation since it 1s 
e heat treated 


ne of considerable interest in certain refinery applications. Com- 

plete investigations are, however, in progress on certain of these 

steels over a wide temperature range but all of these findings are 

| not as yet available. 

and vanadium Room Temperature Physical Properties—The room tempera- 
7.0 per cent ture physical properties of these steels are summarized in Figs. 1 
tests at room and 2 with the results being so arranged as to show the influence 
tests at 1200 of variations in the molybdenum and vanadium contents. Each of 
the steels m the reported values is the average of two tests. 

ir temperature First considering the influence of variations in the molybdenum 
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content, Fig. 1, it is found that with these three types of steels t! 
strength characteristics and hardness tend to increase, and the duc- 
tility to decrease, as the molybdenum content is raised from 0.9 
to 2.0 per cent. The chief exception to this trend occurs in th 
proportional limit as this value reaches a maximum in all thre 
steels at about 1.0 per cent molybdenum, followed by a second max! 
mum at 2.0 per cent molybdenum with the twe 5.0 per cent chiro- 
mium steels. 










In no case is the change in the physical characteristics of a ver) 
large order of magnitude, for with the tensile strength the max 
mum range is from 81,500 to 94,000 pounds per square inch, wit! 
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Tensile Properties at 1200 Degrees Fahr. of 5.0 and 7.0 Per 
Cent Chromium Steels. 


the yield stress from 45,000 to 58,000 pounds per square inch, and 
with the elongation from 30 to 39 per cent. The variations ob- 
served are less pronounced in the 7.0 per cent chromium steel than 
in the two 5.0 per cent chromium steels, thus indici}ing the changes 
in composition to be less effective in the higher alloy’ steels. 
Variations in the vanadium content, Fig. 2, do not exert the 
same influence on the room temperature physical characteristics as 
did variations in the molybdenum content, for with both types of 
steel the strength characteristics tend to decrease, and the ductility 
to increase, especially as the vanadium content exceeds 0.50 per cent. 
The degree of change is likewise more pronounced than in the case 
of the molybdenum variations for the tensile strength ranges from 
72,000 to 89,500 pounds per square inch, the yield stress from 38,500 
to 57,500 pounds per square inch, and the elongation from 29.5 to 
40.5 per cent. Another point of difference lies in the fact that with 
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of magnitude for both the 5.0 and 7.0 per cent chromium steel 

From these findings it follows that even though molybdenu 
and vanadium are both of the carbide forming type and are lik 
wise both gamma loop formers, variations in their addition do no 
produce the same influence on the resulting room temperature phys 
ical properties. The microstructures of these steels, to be discuss 
later, afford an explanation for this observed difference. 

Tensile Properties at 1200 Degrees Fahr—As evidenced | 
the results of Figs. 3 and 4, the variations in the molybdenum a! 
vanadium content exert the same general trends at 1200 degrees 
Fahr. as at room temperature, although the changes are of a lowe 


varying vanadium content the degree of change is of the same or 


order of magnitude. That is, increasing molybdenum content ten¢s 
to increase the strength and lower the ductility, while increasing 
vanadium content tends to decrease the strength. 
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Fig. 5—Influence of Varying Molybdenum Content on the 1200 Degrees Fahr. 
Rupture Strength of 5.0 and 7.0 Per Cent Chromium Steels. 


There are certain exceptions to these trends. With the vana- 
dium steels the variation in composition had little if any influence 
on the proportional limit and reduction of area values. Likewise 
in the case of the 5.0 per cent chromium steel, the first addition of 
vanadium caused a slight increase in the tensile strength and yield 
stress values. With the molybdenum steels, a maximum occurred in 
the strength characteristics of the 7.0 per cent chromium steel at 
about 1.5 per cent molybdenum. 

In the case of the molybdenum steels, chromium content like- 
wise exerts an influence on the physical properties with the 7.0 per 
cent chromium steels tending to possess the higher strength values 
especially when the molybdenum content is 1.5 per cent or higher. 
With the vanadium steels, however, the 5.0 and 7.0 per cent chro- 
mium steels possessed almost identical values when the vanadium 
content was 0.50 per cent or higher. 

Rupture Strength at 1200 Degrees Fahr.—Stress-rupture tests 
were conducted on each of these steels at 1200 degrees Fahr. In 
these tests, standard 0.505-inch diameter tensile specimens are sub- 
jected to fixed loads and the tests continued until actual fracture oc- 
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Fig. 6—Influence of Varying Vanadium Content on the 1200 Degrees Fahr. Ruptur 
Strength of 5.0 and 7.0 Per Cent Chromium Steels. 


curs. The stresses are so adjusted that the fracture time period varies 
from a few minutes up to several hundred hours. 

Since the primary purpose of the present investigation was t 
determine the influence of variations in the molybdenum and vana- 
dium content on steels of otherwise the same general type comp: 
sition, certain of the tests were conducted for maximum time periods 
of only 200 to 500 hours. For each of the steel types, however, on 
series of tests was continued for longer time periods in order t 
establish the relationship more completely. Likewise tests hav 
been conducted for time periods up to a minimum of 1000 hours 
on at least one steel of each type at 1300 degrees Fahr. in order t 
be sure that the straight-line logarithmic relationship at 1200 de- 
grees Fahr., to be discussed later, would apply for fracture tim 
periods in excess of 1000 hours. 

Stress Versus Time—The results obtained from each of th 
individual fracture tests are summarized in Tables II and III and 
the stresses and corresponding fracture-time periods are plotted t 
logarithmic co-ordinates in Figs. 5 and 6. In both the tables and 
the figures the steels are subdivided into five groups. 

The logarithmic method of plotting has been employed sinc 
on the basis of previous work, it is known that this method of pres- 
entation results in a straight-line relationship between stress an¢ 
fracture time provided the steel possesses a sufficient degree of su! 
face and structural stability. Furthermore, it is known that such 4 
straight-line relationship will exist with the 5.0 and 7.0 per cent 
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Steels with Varying Molybdenum Content 


Stress 


Lbs./Sq.In. 
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10,000 


30,750 
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17,000 
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CHROMIUM STEELS 


Table Il 
Stress-Rupture Characteristics at 1200 Degrees Fahr. of 5.0 and 7.0 Per Cent Chromium 


Time for Fracture 


Hour 


Si-Cr-Mo 7 Type Steels 


S.T.T.S. 
0.28 

2.27 
4.88 
120.25 
1103.00 


She bewe 
42 
.65 
73 
.96 
00 


Ann © 


“I 


Nn 

re h& 
on 

Y 


oOfonr 
CDoOn- 


oO 


NRFOR SNe 
/) 


Y 
eh 
OQwuir 


mmo: 


wn 
© 
oo 


Si-Cr-Mo 5 Type 


ti 
4 
or 
wn 


oOo 
NwWU1 


S&S 


“J 


at 
tv 

GO Sh} NAN 
S\ 


th 
© 
© 
OfuNiyp 
Oman: 


/\) 
ar | 
+ SNR OF 


ROD; 
S te? 


~~ 


D 

Hr 
SHO 
D 


.65 
598.00 


Si-Cr-Mo 5S Type Steels 


S.T.T.S. 


6.48 
410.00 


hy ty 
0.65 
2.05 

6.42 
397.00 


’.T.S. = Short-time tensile strength at 1200 degrees Fahr. 
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Table Ill 


Stress-Rupture Characteristics of 5.0 and 7.0 Per Cent Chromium Steels with 
Vanadium Content 
Elongation in 
Vanadium Stress Time for Fracture 2 In. Reduction of A; 
Content Lbs./Sq.In. Hour Per Cent Per Cent 


Si-Cr-Mo 7M Type Steels 
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S.T.T.S. = Short-time tensile strength at 1200 degrees Fahr. 
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chromium steels at 1200 degrees Fahr. provided their oxidation re 
sistance is improved by the addition of a suitable amount of silicon 
It was for this reason that all of the steels considered contained : 
minimum of 0.80 per cent silicon. 

First considering the effect of varying molybdenum conten 
Fig. 5, it is found that a straight-line relationship exists for aC 
of the three types of steels and that the rupture strength increase 
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92.4 1200 Degrees Fahr. Rupture Strength of 5.0 and 7.0 Per 
0 Cent Chromium Steels. 
92.1 
92 Se ; ; 
91.6 with increasing molybdenum content. In the case of the Si-Cr-Mo 
1. 5S steels increasing molybdenum content raises the rupture strength 
90.2 e . . ° 
88.7 over the complete range of fracture time periods. The same like- 
013 s wise is true with the remaining two types as the molybdenum con- 
90 . . ~ e ° ° 
503 tent is increased to 1.5 per cent. However, a further increase in 
the molybdenum content to 2.0 per cent slightly decreases the 
— strength for the shorter fracture time periods, but again increases 
r oxidation re- it for the more prolonged time periods. 
ount of silicon Varying vanadium content, Fig. 6, does not exert the same 
ed contained 4 influence on the rupture strength as varying molybdenum content. 
With the 5.0 per cent chromium steels the rupture strength is in- 
lenum content } creased by the addition of 0.50 per cent vanadium but is then de- 
exists for each creased upon further additions of this element. In fact the steel 


ength increases containing 1.0 per cent vanadium is only slightly superior to the 
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Table IV 


Influence of Varying Molybdenum Content on the 1200 Degrees Fahr. Rupture Strength 
of 5.0 and 7.0 Per Cent Chromium Steels 





Molybdenum —————————Time for Fracture, iat haotccenniiesiidaceiaptiilae siies 
Content 1.0 10 100 250 500 100 
Si-Cr-Mo 5S Type Steels 
0.51 17,500 12,200 8,650 7,600 6,800 6.150 
0.89 19,500 14,100 10,250 9,100 8,200 7.500 
1.46 20,200 15,900 12,000 10,750 9,800 9,000 
2.00 20.800 16,400 12,500 11,200 10,200 500 
Si-Cr-Mo 5 Type Steels 
0.59 7,800 12,800 9,200 8,000 7,350 6.600 
0.99 19,100 14,200 10,800 9,600 8,800 8.100 
1.48 24,900 18,100 13,100 11,700 10,500 9.600 
2.03 23,000 17,500 13,400 12,100 11,200 10,400 
Si-Cr-Mo 7 Type Steels 
0.59 19,200 14,200 10,000 8,800 7,900 7,200 
1.10 21,200 15,500 11,400 10,000 9,200 8 40 
1.51 25,000 18,100 13,200 11,800 10,750 9,800 
2.05 23 


200 17,900 13,600 


12,200 11,200 10,30 


steel containing no vanadium. Likewise with the 7.0 per cent chr 

mium steel, the addition of 0.25 per cent vanadium improves the 
rupture strength slightly while further additions lower the strengt 
As a result the steel containing 0.50 per cent vanadium has the sam 
rupture strength as the steel with no vanadium and the steels con- 
taining 0.75 and 1.0 per cent vanadium are inferior to the ste 
containing no vanadium. 

The relationship of Figs. 5 and 6 permits the determinatio: 
of the stresses corresponding to definite fracture-time periods, and 
values taken from these figures for fracture-time periods varying 
from 1.0 to 1000 hours are given in Tables IV and V. Figs. 7 an¢ 
8 show graphically the behavior of these steels for fracture-tim 
periods of 100, 500 and 1000 hours. 


For each of the three fracture-time periods considered increas- 





Table V 


Influence of Varying Vanadium Content on the 1200 Degrees Fahr. Rupture Strength 
of 5.0 and 7.0 Per Cent Chromium Steels 


Vanadium Time for Fracture, Hours—————c“ 
Content 1.0 10 100 250 500 100 
Si-Cr-Mo 5M Type Steels 
0.0 19,100 14,200 10,800 9,600 8,800 8,100 
0.52 22,000 16,800 12,800 11,300 10,500 9,800 
0.69 20,000 15,100 11,800 10,500 9,700 9,000 
1.06 20,000 15,000 11,250 10,000 9,200 8,50 
Si-Cr-Mo 7M Type Steels 
0.0 21,200 15,500 11,400 10,000 9,200 8,400 
0.18 21,800 16,250 12,400 11,000 10,100 9,400 
0.56 21,200 15,500 11,400 10,000 9,200 8,400 
0.82 19,900 14,300 10,400 9,200 8,300 7,600 
1.06 


18,900 13,800 10,000 8,800 8,000 7,350 











Dia 1939 CHROMIUM STEELS 1103 


———— 


ee 


Rupture Strength 























» 
1000 
0 6,150 x 
. 7.500 3 
9.000 - ssn a aecliait L ial 
0 9,500 us ® si-cr-MoSM TYPE STEELS 
a Si-Cr-Mo7M TYPE STEELS 
< 
) 6,600 > 12 
0 8,100 ” 500 HF. FOR FRACTURE 
0 9,600 1 Q x | be oe a 
0 10,400 = 
oof 
| 
0 7,200 ” 0 
0 8,400 a 
0 9.800 = 9 
0 10,300 2 
<= 8 
Ss 
° 7 
er cent chro- “v6 
. \ ” 
Improves tne ws iI 
the strength a 





has the sam 











9 
he steels con- 
' 8 
to the ste 
determinatior 6 
oe 0 0.25 0.50 0.75 1.00 25 
periods, and VANADIUM CONTENT, PER CENT 
riods varying Fig. 8—Influence of Varying Vanadium Content on the 
es — 1200 Degrees Fahr. Rupture Strength of 5.0 and 7.0 Per 
Figs. / and Cent Chromium Steels. 


fracture-time a a 
ing molybdenum content, Fig. 7, increases the rupture strength 


with the degree of increase being the more pronounced as the mo- 
lybdenum content is raised from 0.50 to 1.50 per cent. Likewise 
a with molybdenum additions of 1.0 and higher, the strength of the 
Si-Cr-Mo 5 and Si-Cr-Mo 7 steels is nearly identical, thus indi- 
cating that an increase in the chromium content from 5.0 to 7.0 
= per cent is not beneficial insofar as the rupture strength at 1200 


lered increas- 


a degrees Fahr. under oxidizing conditions is concerned. The strength 

8.100 of the higher silicon 5.0 per cent chromium steel is inferior but 

oe such might not be the case under more severely oxidizing condi- 
tions or for more extended fracture-time periods. 

< With varying vanadium content, Fig. 8, the rupture strength 

‘ pr for each of the three time periods considered is increased with the 

7,350 first addition of vanadium and is then decreased as the amount of 
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this element is further increased. With the 7.0 per cent chromiyy, 
steels this decrease occurs as the vanadium exceeds 0.18 per cen 
and with the 5.0 per cent chromium steels, as it exceeds 0.50 per 
cent. For each of the vanadium contents considered, except 0.0 per 
cent, the 5.0 per cent chromium steel is superior to the 7.0 per cen 
type. 

Time Versus Ductility—The ductility characteristics of each 0; 
the stress-rupture specimens is likewise given in Tables II and II] 
in order to show the combined influence of time and stress on the 
hot ductility of these steels at 1200 degrees Fahr. 

All of the steels considered possessed high elongation and re- 
duction of area values, thus indicating that they would be capable 
of a high degree of deformation at 1200 degrees Fahr. before actual 
fracture occurred. In fact in most cases the elongation value oj 
the specimen requiring the maximum time for fracture was in good 
agreement with the corresponding value from the short-time ten- 
sile test. The minimum elongation value obtained with the mo- 
lybdenum steels was 43.0 per cent and with the vanadium steels 
48.0 per cent. 


Metallographic Examination 


The microstructures of each of the steels are shown, at a mag 
nification of 100 diameters, in Figs. 9 to 13, inclusive. The struc- 
tures shown apply only for the given condition of heat treatment 
and it is entirely possible that certain of them at least might be ca- 
pable of revision under other types of treatment. The heat treat- 
ment used, however, would be considered as commercial for these 
types of steels. In each figure the photomicrographs are arranged 
so as to show the influence of variations in either the molybdenun 
or vanadium contents. 

Figs. 9, 10 and 11 show the influence of variations in the mo 
lybdenum content from 0.50 to 2.0 per cent on the microstructures 
of the two 5.0 per cent chromium and the 7.0 per cent chromium 
steels. With the lower silicon 5.0 per cent chromium steel and the 
7.0 per cent chromium steel, delta iron, or untransformed ferrite, 
does not make its appearance until 2.0 per cent molybdenum 's 
present. Even with this amount of molybdenum the amount of 
delta iron present is very small, although as should be expected it 
is present to a greater extent in the 7.0 per cent than in the 50 
per cent chromium steel. With the higher silicon 5.0 per cett 
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Fig. 9—Microstructures of Si-Cr-Mo 5 Type Steels with Varying Molybdenum Con- 


x 100. 
Fig. 9a—0.59 Per Cent Molybdenum. 
Fig. 9c—1.48 Per Cent Molybdenum. 


Fig. 9b—0.99 Per Cent Molybdenum. 
Fig. 9d—2.03 Per Cent Molybdenum 
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Type Steels with Varying Molybde: 
Fig. 10b—0.89 Per Cent Molybdenut 
Fig. 10d—2.00 Per Cent Molybdenum 
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Fig. 11—Microstructures of Si-Cr-Mo 7 Type Steels with Varying Molybdenum 


ntent. x 100. 


Fig. lla—0.59 Per Cent Molybdenum. Fig. 11b—1.10 Per Cent Molybdenum. 
Fig. 1lo—1.51 Per Cent Molybdenum. Fig. 11d—2.05 Per Cent Molybdenum. 
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Fig. 12—Microstructures of Si-Cr-Mo 5 Type Steels with Varying Vanadium | 
x 100. 

Fig. 12a—0.99 Per Cent Molybdenum. 

Fig. 12b—1.01 Per Cent Molybdenum, 0.52 Per Cent Vanadium 

Fig. 12c—1.08 Per Cent Molybdenum, 0.69 Per Cent Vanadium 

Fig. 12d—1.07 Per Cent Molybdenum, 1.06 Per Cent Vanadium 
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Beal “— ora eerentares of Si-Cr-Mo 7 Type Steels with Varying Vanadium Con- 
Fig. 13a—1.10 Per Cent Molybdenum. 
rig. 13b—1.02 Per Cent Molybdenum, 0.18 Per Cent Vanadium 
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l3c—1.08 Per Cent Molybdenum, 0.56 Per Cent Vanadium 
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Fig. 13d—1.05 Per Cent Molybdenum, 0.82 Per Cent Vanadium 
Fig. 13e—1.09 Per Cent Molybdenum, 1.06 Per Cent Vanadium. 


chromium steel, delta iron appears at 1.5 per cent molybdenum and 
as the molybdenum is further increased to 2.0 per cent a relatively 
large amount of this constituent is present. 

The corresponding influence of variation in the vanadium con- 
tent on the microstructures is shown in Figs. 12 and 13. With t 
5.0 per cent chromium steel, a small amount of delta iron appears 
upon the addition of 0.50 per cent vanadium and the steel becomes 
almost completely ferritic when 1.0 per cent vanadium is present 
With the 7.0 per cent chromium steel, delta iron first appears upon 
the addition of 0.18 per cent vanadium and the steel containing 
0.80 per cent is almost completely ferritic. 

These results clearly show the additive effect of the gamma 
loop forming elements in producing delta iron. In the absence oi! 
molybdenum, vanadium and silicon with a low carbon content it 1s 
generally assumed that about 12 to 14 per cent chromium is re- 
quired to produce a ferritic steel. The structures of Fig. 10 show 
that in the presence of 1.5 per cent molybdenum and approximatel) 
1.5 per cent silicon, delta iron appears with 5.0 per cent chromium 
even in the presence of 0.12 per cent carbon. 
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Table VI 


Equivalent Chromium Content of 5.0 and 7.0 Per Cent Chromium Steels with Varying 
Molybdenum and Vanadium Content Based on Gamma Loop Tendencies 


Steel 
Designation Equivalent Chromium Content 
Cie Wide eer eeersereserrccivecesecs 15.21 
Si-Cr-Mo 7 I, Se oa oe eo leaa & dinar baa 16.61 
nT dir tila phinln aed 66.49 pideed 6 adores 18.79 
CS Be a eee oe ee 21.02 
tt Pe tete? 2). sth ornb ec abeeacdeebe be iweeseues 13.18 
i nn, - Wis anin enn aeees'6 6.69 6 eiean ae aes 15.40 
rr i re So. ec kicgeeped webs oe HU a eewe eee a 16.96 
i ii «a cc aeie wkip baae oe 6.4 HbeBewse we 19.00 
ee ee eet e eeu eed ceuweld waren 16.17 
ee eke e-oets bee be one 16.94 
ee COs opeiew ds Cale pee coe ee we.duues 19.72 
a hk on isin mel Om 21.87 
Steels with Varying Vanadium Content 
I ia Pn Le ae el ani ore aes aw phitlnd aie. e © Site 16.61 
i Oe dacs eeesevantouessex 18.57 
he ee wetin eae eebsbecs 24.72 
ee eu bad wee Oh K Bkee © 4 27.66 
BS et on sale e wba eewenk sews 30.18 
ee a bes abes awed 15.40 
Se eo er Soc cuee ere sees 21.97 
1) na a ln ecubie bis Aine «ea einer elelpiers of 24.08 
SS GI ES PE poe OE EE oe a Y g 28.22 


Vanadium by itself is more powerful than molybdenum in its 
gamma loop forming tendencies and this likewise is true in the 
presence of chromium, silicon and carbon as evidenced by the fact 
that in the 7.0 per cent chromium steel, also containing 1.0 per 
cent molybdenum, only 0.18 per cent vanadium was required to 
cause the appearance of delta iron. 

It is generally assumed that in carbonless iron the following 
percentages of these elements are required to close the gamma loop: 
chromium, 12.8 per cent; silicon, 2.2 per cent; molybdenum, 3.0 
per cent; and vanadium, 1.0 per cent. This in turn implies that 
if the effect of these elements is entirely additive then silicon is ap- 
proximately six times as effective as chromium in this respect, mo- 
lybdenum four times as effective, and vanadium 12 times as effective. 

Table VI gives the equivalent chromium content of these steels, 
assuming that the effect of molybdenum, vanadium and silicon is 
additive in their ability to close the gamma loop. In these calcu- 
lations consideration was not given to either the carbon or man- 
ganese content since both of these elements are present in approxi- 
mately constant amounts in each of the steels. 

From Table VI it appears that insofar as the molybdenum steels 
are concerned, free ferrite, or delta iron, first makes its appearance 
with an equivalent chromium content of approximately 19. Like- 
wise with the vanadium-bearing steels this value appears to be of 
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the same order of magnitude for with the 5.0 per cent chromiyp, 
steels an appreciable amount of delta iron is present with an equiy. 
alent chromium content of about 22, and the same is true 
7.0 per cent chromium steels with an equivalent chromium 
of about 19. 

It should be realized that the above relationship applies on) 
to steels containing approximately 0.12 per cent carbon and 0,4 
per cent manganese. The equivalent chromium content required 
to cause the appearance of delta iron would be decreased as th 
carbon content is lowered and somewhat increased as the manga 
nese content is decreased. The appearance of delta iron may als 
be influenced by the hot fabrication process employed and by th 
rate of cooling from this temperature. 


Of the 
content 


DISCUSSION OF RESULTS 


It was found that in general the strength characteristics of th 
5.0 and 7.0 per cent chromium steels were increased at both roon 
temperature and 1200 degrees Fahr. as the molybdenum content 
was increased from 0.5 per cent up to 2.0 per cent, while under 
the same conditions, the strength characteristics were decreased 
as the vanadium content exceeded a certain amount. A compariso: 
of these results with the microstructures of the steels will indicat: 
a possible cause as to the difference in the behavior of molybdenu 
and vanadium additions. 

As the molybdenum content of the Si-Cr-Mo 5 and Si-Cr-M 
7 steels was varied, delta iron did not appear until 2.0 per cent 
molybdenum was present and even then the amount of this con- 
stituent formed was relatively slight. Likewise the rupture strengt! 
of these steels increased continuously although the degree ot 
crease was more pronounced up to 1.5 per cent molybdenum than it 
was as the molybdenum was further raised to 2.0 per cent. The sam 
general conditions exist for the Si-Cr-Mo 5S steels except that delta 
iron appears with 1.5 per cent molybdenum. 

With variations in the vanadium content, delta iron appears in 
the 5.0 per cent chromium steels at 0.52 per cent vanadium and t 
the 7.0 per cent chromium steels with 0.18 per cent vanadium. Wit! 
further additions the amount of delta iron present increases rapidly 
Likewise the rupture strength at 1200 degrees Fahr. decreases as the 
vanadium content exceeds that necessary to cause the appearance of 
the first delta iron. 
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[t would appear therefore that the presence of delta iron in rela- 
tively large amounts causes a decrease in the strength characteristics. 
This is especially pronounced in the case of the rupture strength at 
1200 degrees Fahr. but also applies to the short-time strength char- 
acteristics at both room temperatures and 1200 degrees Fahr. 


CoNCLUSIONS 


The results obtained permit the following conclusions with re- 
spect to the influence of variations in the molybdenum and vanadium 
content on certain of the characteristics of 5.0 and 7.0 per cent chro- 
mium steels: 

1. The short-time strength characteristics at room temperature 
and 1200 degrees Fahr., and the rupture strength at 1200 degrees 
Fahr. are in general continuously increased as the molybdenum 
content is varied through steps of about 0.50, 1.0, 1.5 and 2.0 per 
cent. 

2. These same characteristics are in general increased upon the 
first addition of vanadium but are then decreased as the vanadium 
exceeds a certain amount. In the case of the 5.0 per cent chromium 
steels, the trend changes at 0.50 per cent vanadium, and with the 
7.0 per cent chromium steels at 0.18 per cent vanadium. 

3. The microstructures show that in the lower silicon steels, 
delta iron does not appear until 2.0 per cent molybdenum is pres- 
ent while only 0.18 per cent vanadium is sufficient to cause the ap- 
pearance of this constituent in the 7.0 per cent chromium steels, and 
0.5 per cent in the 5.0 per cent chromium steels. 

4. A relationship is believed to exist between the strength char- 
acteristics and the microstructures in that the strength decreases as 
the amount of delta iron exceeds a certain amount. It is for this 
reason that vanadium additions in excess of a given amount de- 
crease, rather than increase, the strength. 

5. Variations in the chromium content did not exert the same 
influence on the 1200 degrees Fahr. rupture strength of the molyb- 
denum and vanadium-bearing steels. For the same silicon content 
an increase in the chromium content from 5.0 to 7.0 per cent did 
not appreciably influence the rupture strength of the steels contain- 
ing 1.0 per cent or more molybdenum while it decreased the rupture 
strength of all the steels containing vanadium. 
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Written Discussion: 
Corp., Los Angeles. 


By Turner C. Smith, engineer, General Petroleum 


To a user of chromium-molybdenum steels in oil refinery service, this 
paper is of very timely interest. The data and photomicrographs answer the 
frequent question, “If a small amount of a certain element is good, would not 
more be better ?”. 

While my metallurgical knowledge and experiences are insufficient for 
searching comments on this excellent paper, I do wish to ask certain questions, 
typical of the layman, for the authors’ consideration: 

(1) Are these alloys stable without further banding of the delta iron 
when heated for long periods of time at high temperatures? Specific time- 
temperatures in mind are 25,000 hours at 1200 degrees Fahr., 5000 hours at 
1250, 1000 hours at 1300, and 200 hours at 1350 degrees Fahr. 

(2) Will the corrosion resistance of these alloys be affected by an increase 
in the molybdenum content above 0.50 per cent? 

We shall look forward to the completion of this investigation and hope 
that rupture tests at 1500 degrees Fahr. will be included. 

Written Discussion: By W. K. Brown, engineering staff, Standard Oi 
Co., Whiting, Ind. 

The authors and investigators of this subject have maintained a caretul 
control of the principal variables, in order to determine the effect of individual 
elements. Their results and conclusions, consequently, do not appear unrea 
sonable. 























The oil refining industry has an interest in steels of the type under inves 
tigation, both for furnace tubes operating under corrosive and/or high tem- 
perature conditions and for oil and vapor lines. Such steels should be of a weld 
able quality, susceptible to grain refinement by heat treatment, and should be 
suitable for rolling into furnace headers. It is noted with respect to the latter 
item, that the majority of the steels investigated had a yield stress in excess 
of 50,000 pounds per square inch. Headers, into which tubes are rolled, gen 
erally have a minimum yield point strength of 40,000 pounds per square inch 
and consequently material for tubes should preferably have a yield strength 
less than 40,000 pounds per square inch in order that the tube will be deformed 
before the header when forming the rolled joint between tube and header. 

The authors do not list any data relative to the impact properties of the 
steels under investigation at room and sub-zero temperatures. Such data would 
be of interest, particularly in the case of the steels which show the presence ©! 
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free ferrite, since some believe that the laminar structure of ferrite tends to 
decrease the resistance to impact. The corrosion resistance of the steels should 
be comparable to straight 5.0 per cent chromium and 7.0 per cent chromium, 
0.5 per cent molybdenum steels, but such conclusions should be confirmed by 
actual tests. 

In passing, it is interesting to note, whether or not there is any significance 
in the fact, that ferritic steel appeared in the alloys under investigation at an 
equivalent chromium content of 19.0 per cent. Bain has presented charts indi- 
cating that 19.0 per cent chromium-iron alloys with 0.12 per cent carbon 
would consist of ferrite and carbides. 

The rupture strength data given in the paper for the steels at elevated tem- 
peratures are of value, in conjunction with creep test data, in indicating the 
factor of safety against ultimate failure for equipment designed on the basis 
of creep strength data, since, as shown in other papers by the authors, different 
classes of steels show a different ratio between the rupture strength and creep 
strength for a given number of hours of operation. However, for the same 
reason, we believe that rupture strength tests should not supplant creep tests, 
since the rate of creep under load is desired in many instances. 

In conclusion, it would appear that the steels with vanadium additions do 
not have any particular advantages and that the use of the chromium-molybde- 
num steels will depend on economic considerations and whether or not further 
tests show that they have physical properties suitable for the intended service. 

Written Discussion: By Jerome Strauss, vice-president, Vanadium Cor- 
poration of America, New York. 

The data recorded in this paper are a distinct contribution to our factual 
knowledge of the properties of chromium-molybdenum-vanadium steel. Steels 
of this type composition, although in a number of instances of lower chromium 
content, have been employed for nitrided parts, for chemical plant equipment 
subjected to the attack of hydrogen or ammonia at slightly elevated tempera- 
tures, and for heavy forgings and machine parts of high hardness, but little of 
a quantitative nature has been available concerning their useful strength for 
high temperature applications. 

Naturally, to survey an entire field, involving many variables, is a task of 
considerable magnitude and it seems most likely that the suggestions the writer 
wishes to make have already presented themselves. The authors refer to the 
beneficial effect of vanadium until certain percentages are reached, and the 
subsequent loss of this desirable effect due to further addition of vanadium. 
Their comparisons, however, are based upon uniformity of carbon content of 
the steels investigated to date. Since it is known that vanadium is an extremely 
powerful element in restricting the size of the gamma loop, and thus a strong 
promoter of unchanging ferrite, it would seem advantageous to test a series 
of these steels with increasing vanadium content, in which instead of constant 
carbon, the authors used constant microstructure in the annealed state. This 
means, of course, an increase in carbon content in proper proportion as the 
vanadium content is increased, all with the objective of avoiding the loss of a 
completely austenitic structure upon heating to within the heat treatment range. 
Other variations in composition might likewise be studied to advantage, such, 
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for example, as lower chromium and higher manganese contents, but the 
simultaneous increase of carbon and vanadium appears to be most important 
It is hoped that the authors can extend their researches in this direction. 








Authors’ Reply 


The authors greatly appreciate the discussion which has been offered to 
their paper and will use the many interesting points which have been raised 
as a guide in their future investigations on this subject. 

With respect to the questions raised by Mr. Turner Smith, it should fe 
pointed out that while certain of the steels considered were found to contain 
delta iron, it is not our intention to recommend these for commercial service 
at the present time. The results presented show that when this two-phase 
structure appears the strength is decreased rather than increased. 

It is difficult to see how further ferrite banding could occur in these steels 
at the temperatures and time periods indicated by Mr. Smith. If, however, the 
steels are not in a completely annealed condition, and a critical amount of cold 
work is present, it is entirely possible that grain growth would occur in these 
banded areas and if this did result, the grains could not again be refined 5) 
the usual methods of heat treatment. 

In regards to Mr. Smith’s second comment, it is not believed that the in 
creased molybdenum content would greatly influence the corrosion resistance in 
hot petroleum products but it should be pointed out that the only way in which 
definite information could be obtained is either through the use of A.P.I. cor- 
rosion test specimens or by trial tube installations. In other words, there is 
no suitable laboratory test at the present time for this purpose. 

Certain of the questions raised by Mr. Brown covering the two-phase struc- 
ture of some of these steels have been answered in our preceding comments 
As Mr. Brown points out, it is often true that the impact resistance is lowered 
upon the appearance of delta iron. Impact tests have not been conducted on 
all of these steels and since the two-phase ones are not recommended for con 
mercial service this test will not be conducted on them at the present time. 

It is true, as Mr. Brown indicates, that most of these steels have a yield 
stress in excess of 50,000 pounds while headers in general have a minimum 
value of 40,000 pounds. We agree that the header should be stronger than the 
tube and it is entirely possible that through production annealing the hard- 
ness of these tube steels would be somewhat reduced. It may likewise be 
necessary to use headers of higher hardness for those applications requiring the 
use of a chromium content of 7 to 9 per cent. 

A question has also been raised with respect to the rupture test replacing 
or supplanting creep tests. This is not our intention at all as all of our creep 
units are in continuous operation and, in fact, additions were recently made t 
the creep equipment. However, we do believe that one of the great advantages 
of the rupture test is its ability to more rapidly classify a series of steels of the 
same general type into their relative order of high temperature strength. 

In this same respect, however, we do believe that the rupture test may more 
nearly duplicate the conditions actually encountered by the steel in cracking 
still service. The statement has often been made that the majority of tube 
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failures occur during overheating conditions and that the major portion of the 
bulging occurs over a fairly short-time period. If this is true, then the rate Ze 
deformation during failure is more comparable to that obtained during = 
rupture test and it is known that, especially with the higher alloy steels, t = 
relative order of high temperature strength varies greatly depending upon the 
rate of deformation upon which the comparison is based. 

In reply to the comments of Mr. Strauss we agree that the strength of the 
steels under consideration would probably have increased continuously with 
increasing vanadium content had not the two-phase structure appeared. As 
suggested the appearance of this phase could be prevented eronge a proper 
balancing of the vanadium and the carbon content. However, in our work we 
had in mind the use of these steels as seamless tubes and for this reason believe 
it advisable to hold the carbon content at 0.15 max. A single phase struc- 
ture can, however, be maintained through the addition ot austenitic formers, 
other than carbon, and work is now in progress on this phase of the problem. 
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Twenty-first Annual Convention of the Society, held in Chicago, 
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MONDAY, OCTOBER 23 


Morning Session—Grand Ballroom, Palmer House 





Joint Chairmen—M. A. Grossmann and H. W. McQuaid 


[Impact Properties of Some Low Alloy Nickel Steels at Temperatures Dow 
to —200 Degrees Fahr., by T. N. Armstrong and A. P. Gagnebin, Inter 
national Nickel Co. 


The Effect of Titanium on the Macro-Structure and Grain-Coarsening Tem 
perature of Forging Steels, by G. F. Comstock, Titanium Alloy Mig. C 


Introductory Study of the Nitriding of Hardened High Speed Steel by the Us 
of Molten Cyanides, by J. G. Morrison, Landis Machine Co., and J. P. Gill 
Vanadium-Alloys Steel Co. 


Some Practical Notes on High Speed Steel Forgings, by W. H. Wills, Al 
legheny Ludlum Steel Corp. 


Morning Simultaneous Session—Room 14, Fourth Floor, Palmer House 
Joint Chairmen—H. A. Anderson and J. J. Kanter 


The Stress-Strain Characteristics of the Torsion Impact Test, by O. V. Green 
and R. D. Stout, Carpenter Steel Co. 

The Influence of Magnetic Fields on Damping Capacity, by E. R. Parker, Gen 
eral Electric Co. 

The Interrelation Between Stress and Strain in the Tensile Test, by E. } 
Janitzky and M. Baeyertz, Carnegie-Illinois Steel Corp. 


The Fatigue Resistance of Steel as Affected by Acid Pickling, by G. L. Kehl 
and C. M. Offenhauer, Lehigh University. 


Afternoon Session—International Amphitheatre 








Joint Chairman—O. E. Harder and E. G. Mahin 


Creep Rates from Tests of Short Duration, by J. J. Kanter and E. A. Sticha, 
Crane Co. 

Characteristics of 5 and 7 Per Cent Chromium Steels with Varying Molybde- 
num and Vanadium Content, by W. G. Hildorf, Timken Roller Bearing 

Co., and C. L. Clark and A. E. White, University of Michigan. 
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OFFICERs 
LNNU cyress Corrosion-Cracking of the Austenitic Chromium-Nickel Steels and Its 
AL Industrial Implications, by J. C. Hodge, Babcock & Wilcox Co., and J. L. 
27, 1939 Miller, Armour Institute of Technology. 
Ferromagnetic Austenite, by L. P. Tarasov and E. R. Parker, General Elec- 
tric Co. 
idance at the 
1 in Chicago International Amphitheatre 
he Technica] Educational Lectures 
t the annual The Functions of the Alloying Elements in Steel, Lecture I, by E. C. Bain, 


United States Steel Corp. 


Visual Examination of Steels—Macroscopic Technique, by G. M. Enos, Uni- 
versity of Cincinnati. 


se TUESDAY, OCTOBER 24 
laid Morning Session—Grand Ballroom, Palmer House 
ratures Down Joint Chairmen—L. W. Kempf and E. F. Ross 


nebi pe , a ; 
gnebin, Inter {x Analysis of Machinability Data from Cold Finished and Heat Treated 


S.A.E. 1045 Steel, by O. W. Boston and W. W. Gilbert, University of 
ey. Tem- Michigan. 
oy Mig. C A Discussion of Leaded Steels, by F. J. Robbins and G. R. Caskey, Bliss and 
el by the Use Laughlin, Inc. 


ind J. P. Gil! ie , tae : . 
’ il Precipitation Hardening Characteristics of High Purity Aluminum-Copper and 


2 Aluminum-Copper-Iron Alloys, by H. Y. Hunsicker, Aluminum Co. of 
1. Wills, Al- America. 


Drawing of Aluminum, by L. J. Weber and J. T. Weinzierl, Aluminum Cook- 
ing Utensil Co. 
ulmer House 
Morning Simultaneous Session—Room 14, Fourth Floor, Palmer House 
Joint Chairmen—W. E. Benninghoff and A. W. Winston 


Annealing of Low Carbon Rimmed, Aluminum-Killed and Silicon-Killed Steels, 
by W. P. Wallace, Columbia Steel Co., and R. L. Rickett, U. S. Steel Corp. 


The Prevention of Flakes by Holding Railroad Rails at Various Constant Tem- 
peratures, by R. C. Cramer and E. C. Bast, University of Illinois. 


O. V. Green 
Parker, Gen- 


st, by E. J 
Selection of Steel and Heat Treatment for Spur Gears, by H. B. Knowlton and 
-G. L. Kehl E. H. Snyder, International Harvester Co. 


Afternoon Sessior—!nternational Amphitheatre 
Joint Chairmen—J. J. Crowe and R. G. Roshong 
Time Quenching, by J. L. Burns and Victor Brown, Republic Steel Corp. 
A Test Method for the Evaluation of Aqueous Quenching Media for Steel 


». A. Sticha, Hardening, by F. W. Trembour and Howard Scott, Westinghouse Elec- 
tric & Mfg. Co. 

19 Molybde- Hardenability Variations in Alloy Steels: Some Investigations With the End- 

ller Bearing Quench Test, by G. T. Williams, Deere and Co. 


{ Hardenability Test for Shallow Hardening Steels, by W. E. Jominy, Gen- 
eral Motors Corp. 
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International Amphitheatre 
Educational Lectures 


The Functions of the Alloying Elements in Steel, Lecture II, by E. C. Bair 
United States Steel Corp. 


Visual Examination of Steels—Macro Etching, by G. M. Enos, University oj 
Cincinnati. 


WEDNESDAY, OCTOBER 25 


Morning Session—Grand Ballroom, Palmer House 


ANNUAL MEETING OF THE AMERICAN SOCIETY FOR METALS 
Chairman—W illiam P. Woodside, President, A.S.M. 


The following papers were presented by title: 


The Effect of Hardness and of Temperature on the Strength, Ductility, and 
Toughness of a Heat Treated Carbon Steel, by S. W. Lyon, University of 
Illinois. 


Hardness Characteristics of Some Medium Carbon S.A.E. Steels, by P. Klain 
and C. H. Lorig, Battelle Memorial Institute. 


The Accelerating Effect of Certain Metallic Elements on Graphitization, by H. 
A. Schwartz, V. Fiordalis, J. L. Fisher, J. F. Shumar and M. J. Trinter, 
National Malleable & Steel Castings Co. 


1939—Edward de Mille Campbell Memorial Lecture, by E. S. Davenport, United 
States Steel Corp. Research Laboratory. 


Isothermal Transformation in Steels. 


Chairman—R. E. Zimmerman 





Afternoon Session—International Amphitheatre 


Joint Chairmen—A. A. Bates and A. J. Herzig 





Transformation of Austenite on Quenching High Purity Iron-Carbon Alloys, 
by T. G. Digges, National Bureau of Standards. 


Kinetics of the Austenite-Martensite Transformation in Steel, by A. B. Gren- 
inger, Harvard University, and A. R. Troiano, University of Notre Dame 


The Spheroidizing of Steel by Isothermal Transformation, by P. Payson, W 
Hodapp and J. Leeder, Crucible Steel Company of America. 


International Amphitheatre 
Educational Lectures 


The Functions of the Alloying Elements in Steel, Lecture III, by E. C. Bain 

United States Steel Corp. 
Visual Examination of Steels—Other Methods of Testing, by G. M. Enos, Un! 
versity of Cincinnati. 
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THURSDAY, OCTOBER 26 
Morning Session—Grand Ballroom, Palmer House 
Joint Chairmen—H. W. Graham and W. R. Breeler 


Bright Hardening of Tool Steels Without Decarburization or Distortion, by 
J. R. Gier and Howard Scott, Westinghouse Electric & Mfg. Co. 


Hardness Conversion Relations for Hardened Steels, by H. Scott and T. H. 
Gray, Westinghouse Electric & Mfg. Co. 


Hardenability Studies on Tool Steels, by A. J. Scheid, Jr., Columbia Tool Steel 
Co. 


Morning Simultaneous Session—Room 14, Fourth Floor, Palmer House 
Joint Chairmen—L. S. Bergen and O. W. McMullan 


The Nickel-Tungsten System, by F. H. Ellinger and W. P. Sykes, General 
Electric Co. 

The Effect of Humidity of Air on the Oxidation of a Low Carbon Steel, by C. 
A. Siebert, University of Michigan, and H. G. Donnelly, Wayne University. 


Heat Etching as a Means of Revealing Austenite Grain Size, by M. J. Day and 
J. B. Austin, United States Steel Corp. 


The Tempering of High Speed Steel, by Morris Cohen and P. K. Koh, Massa- 
chusetts Institute of Technology. 


Afternoon Session—lInternational Amphitheatre 
Symposium on Precipitation Hardening (Age Hardening) of Metals 
Joint Chairmen—G. B. Waterhouse and A. B. Kinzel 
Introduction to Precipitation Hardening, by Zay Jeffries, General Electric Co. 


The Application of Solid Solution and Precipitation Hardening Effects tn 
Aluminum Alloys, by L. W. Kempf, Aluminum Company of America. 


Precipitation Hardening of High Purity Binary and Ternary Aluminum-Copper 
Alloys, by W.'L. Fink, D. W. Smith and L. A. Willey, Aluminum Co. of 
America. 


Precipitation Hardening in the Heavy Alloys, by W. P. Sykes, General Electric 
Co. 
International Amphitheatre 
Educational Lecture 


The Functions of the Alloying Elements in Steel, Lecture IV, by E. C. Bain, 
United States Steel Corp. 


Grand Ballroom, Palmer House 
ANNUAL BANQUET OF THE AMERICAN SOCIETY FOR METALS 


FRIDAY, OCTOBER 27 
Room 14, Fourth Floor, Palmer House 
Educational Lectures 


The Functions of the Alloying Elements in Steel, Lecture V, by E. C. Bain, 
United States Steel Corp. 
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Morning Session—Grand Ballroom, Palmer House 
Symposium on Precipitation Hardening (Age Hardening) of Metals 
Joint Chairmen—Bradley Stoughton and H. P. Croft 
Age-Hardening Copper Alloys, by D. K. Crampton, Chase Brass and Copper 

oO. 


Age-Hardening of a Copper-Cobalt and a Copper-Iron Alloy, by R. B. Gordon, 
Westinghouse Electric & Mfg. Co., and M. Cohen, Massachusetts Institute 
of Technology. 


Age-Hardening Precious Metal Alloys, by R. F. Vines and E. M. Wise, Inter- 
national Nickel Co. 

Dispersion Hardening Alloys of Nickel and Iron-Nickel-Titanium, by N. B 
Pilling and A. M. Talbot, International Nickel Co. 

Aging in Iron and Steel, by R. L. Kenyon and R. S. Burns, American Rolling 


Mill Co. 





Afternoon Session—lInternational An.phitheatre 
Symposium on Precipitation Hardening (Age Hardening) of Metals 
Joint Chairmen—H. FE. Brown and G. T. Williams 


The Role of Strain in Precipitation Reactions in Alloys, by R. H. Harrington 
General Electric Co. 


The Mechanism of Precipitation From Solid Solution. The Theory of Age 
Hardening, by R. F. Mehl, Carnegie Institute of Technology, and L. K 
Jetter, Aluminum Company of America. 


PLANT INSPECTION 


The following companies very kindly opened their plants for the inspection 
of members and guests of the Society: 


Tuesday, October 24 


International Harvester Co., Tractor Works 
Acme Steel Co., Riverdale Works 
American Can Co., Englewood Plant 








Wednesday, October 25 


Carnegie-Illinois Steel Co., South Works 
A. Finkl & Sons Co. 
Lindberg Steel Treating Co. 












Thursday, October 26 
Mills Novelty Co. 

Belden Manufacturing Co. 

Stewart-Warner Corp. 


Friday, October 27 


Youngstown Sheet & Tube Co., E. Chicago, Ind. 
Western Electric Co., Hawthorne Station 
Chicago-Latrobe Twist Drill Co. 
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ANNUAL ADDRESS OF THE PRESIDENT 
Twenty-First Annual Convention, Chicago, October 25, 1939 
Witiram P. Woopsipe, President 


S your president, it gives me great pleasure to state at this time 
A that the Society has had a very successful year. It is in ex- 
cellent financial condition, as you will learn from the treasurer’s 
report; the membership has increased; and METAL PrRoGREss is 
doing a mighty good job and paying its way. It is a publication of 
which every member can well be proud. 

The Board of Trustees held four meetings during the year: 
November 11th, 1938, April 7th, 1939, August 25th, 1939, and Oc- 
tober 24th, 1939. Reports of these meetings were published in 
THE REVIEW. 

Each one of the appointed committees has carried out its duties 
in a most efficient and able manner. It has been a source of pleas- 
ure to me to have had such a co-operative group helping me through- 
out this year as your president. 

[ am especially glad to have my annual report carry the state- 
ment that your Board of Trustees saw fit to purchase a home for 
the American Society for Metals. This residence-to-be is located 
at 7301 Euclid Avenue just a block from the present offices and 
will make a permanent and dignified office, in keeping with a society 
such as ours. 

This mansion was the residence of one of Cleveland’s pioneer 
families in the iron ore business. The sons of this family could 
have sold the property for twice what they have received from us 
but the other bids were from commercial enterprises not to their 
liking. They were desirous of finding a buyer who would carry on 
the traditional dignity of the family residence and were happy to 
turn their old home over to an educational society so coincidentally 
related to their family business. 

Thorough investigations and reports from reliable appraisers 
bore out our belief that the price named by the owner was an ex- 
ceptionally low one considering the location of the property and the 
type of building. 

It is a 3-story, 24-room building. The outside structure is 
of cut and mason-hammered stone; the interior is finished in rare 
mahogany, bird’s-eye maple and other expensive woods, most of 
which were imported by the Norton family. There is a large garage 
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A i la I ali a elias 
eee ee, 


New Headquarters Offices of the American Society for Metals 


in the rear of the building which at one time had been a pretentious 
stable with living quarters above. This building will be used fo: 
storage and handling of mailing matters of the Society. 

The cost of rearranging the dwelling will be very little for its 
layout is well suited to the needs of the Society. 

It is expected that the Cleveland office will be moved into its 
new home about February 1, 1940, and I feel that any member wh: 
visits Cleveland should make it a point to drop in and see what a 
nice, permanent home your Society has. 

During the past year thorough investigations have been made 
by your secretary regarding an efficient employment service. Con- 
nections have now been approved by the Board of Trustees for 
such a service that, we believe, cannot be surpassed by any other 
educational society. 

The new arrangement will have nation-wide connections with 


nearly three dozen select and well established employment offices 
representing us from coast to coast. Bear in mind that these em 
ployment offices are not the ordinary type but have been chosen 
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because of their specialty of placing men of training such as belong 
to the ASM. Details of this new service were published in the 
October issue of THE Review and additional comments with ref- 
erence to it will be published in later issues. 

The President’s Medal was presented to Dr. E. C. Bain at the 
annual banquet at Detroit, October 20, 1938. 

The Henry Marion Howe Medal awarded to the paper of high- 
est merit published in TRANSACTIONS during the year was awarded 
to Joseph Winlock and Ralph W. E. Leiter for their paper entitled 
“Some Factors Affecting the Plastic Deformation of Sheet and Strip 
Steel and Their Relation to the Deep Drawing Properties.” The 
medal and certificate were presented at the annual banquet, Detroit, 
October 20, 1938. 

The Campbell Memorial Lecture, established in 1925, was pre- 
sented in 1938 by Alfred L. Boegehold, General Motors Research 
Laboratories, Detroit, entitled “Some Unusual Aspects of Malleable 
Iron Melting,” and was published in the December 1938 issue of 
TRANSACTIONS. 

The Sauveur Achievement Award, established in 1934, is 
awarded by the Past Presidents of the Society acting as a committee. 
The award for 1938 was presented at the annual banquet in Detroit 
to Harry W. McQuaid in recognition of the pioneering work he has 
accomplished and the inspiration that that work was to additional 
research upon the subject of metals. The award for 1939 will be 
made at the annual banquet tomorrow evening to C. S. Barrett, G. 
Ansel and R. F. Mehl for their paper entitled “Slip, Twinning and 
Cleavage in Iron and Silicon Ferrite” published in TRANSACTIONS, 
September 1937. 

srief mention may be made of the work of some of the national 
committees of the Society. The Metats HANnpBook COMMITTEE 
has completed its work on the 1939 edition and most of the mem- 
bers have received their new edition of the Metats HANpBOOK. 

What a magnificent job this committee has accomplished is 
evident to all, and I am sure that the entire membership joins with 
the Board of Trustees and your president in extending to this com- 
mittee and their many co-operators our sincere thanks for their con- 
tribution to the success of the Society. 

The Educational Committee during the past year has had two 
meetings and has prepared two excellent educational series for the 
present convention. 
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The series of five lectures by Dr. E. C. Bain on the subject, 
“Functions of the. Alloying Elements in Steel,” has been collected 
in book form and will be available to the members on Friday 0; 
this week. 

The series of evening lectures is being presented by Prof. George 
M. Enos on the subject, “Visual Examination of Steels.” 

The sustained interest that has been exhibited in these lecture: 
speaks well for the foresight and careful work of the educational 
committee as well as for the splendid work and co-operation of these 
two gentlemen. 

I take this opportunity, on behalf of the American Society for 
Metals, to thank sincerely the technical societies working with us s 
whole-heartedly to make the Congress and Exposition a success, 
the American Welding Society, the Wire Association, and the In- 
stitute of Metals and Iron and Steel Divisions of the American 
Institute of Mining and Metallurgical Engineers. 

Each year the President’s Bell is presented to the chapter that 
your president feels has merited the honor of being recipient of : 
to hold for the ensuing year. 

It therefore gives me great pleasure to present this award t 
the Cincinnati Chapter. It has carried on educational work to prob 
ably a greater extent than any other chapter. By that, I mean 1t 
has devoted more evenings for round table discussions and general 
meeting activities. That chapter also did a very fine job of acting 
as hosts to the Ohio Tri-Chapter meeting. 

Before closing my remarks, I want to say that I greatly appre 
ciate the co-operatiou given me by our secretary, William H. Eisen 
man, and the able staff he has assisting him in the Cleveland office 
They have been a great help to me and I feel it would be wrong on 
my part if I did not publicly thank them, one and all, for what the) 
have done to make my year as president of the American Societ) 
for Metals a successful one, which the treasurer’s and secretary s 
reports will show. 


REPORT OF THE TREASURER 


BRADLEY STOUGHTON, 7 reasurer 





The fiscal year ending on August 31, 1939, has been another 
successful year in the history of the Society and it is a satisfaction 
to your Treasurer to submit this report. 










December 


1 the Subject, 
been collected 
on Friday of 


Prof. George 
els.” 

these lectures 
e educational] 
ation of these 


n Society for 
ie with us so 
mM a success. 
and the In- 
he American 


chapter that 
ecipient of it 


his award t 
york to prob 
t, I mean it 
and general 


ob of acting 


reatly appre- 
m H. Eisen- 
veland office. 
be wrong on 
yr what they 
ican Society 
1 secretary's 


1939 TREASURER’S REPORT 1127 


Our cash balance on August 31, 1939, was $100,427.42 against 
last year’s $70,677.89. 

The sale of our government securities, primarily to purchase 
4 home for the Society, and other securities which were called for 
redemption have decreased our holdings of securities by 26.5 per 
cent. Total assets have, however, increased 10.5 per cent. Accounts 
receivable increased in total during the year due to an increased vol- 
ume of business but an average collection period of 30 days indi- 
cates a continued healthy condition in these accounts. 

The Society purchased the Norton Home on Euclid Avenue in 
Cleveland, a substantial stone structure, as a permanent home for 
the national offices, at a very favorable price of $45,000.00 against 
a real estate tax valuation of $42,090.00. 

Inventories have remained approximately the same except the 
book inventory. The publishing of several new books and the 1939 
edition of the HANDBooK added nearly $5000.00 to this asset. 

Although the Finance Committee, Board of Trustees and your 
oficers have given considerable thought and consideration to invest- 
ment problems, it has been very difficult to select investments for 
the Society account. Expért advice has been solicited and close 
contact maintained with our fiscal agents, the Cleveland Trust Co. 
At a September meeting of members of the Finance Committee and 
our investment counsel from the Cleveland Trust Co. our portfolio 
and the present investment situation were carefully reviewed and 
the consensus of opinion was that our investment portfolio was well 
diversified and had sufficient hedges, with our real estate holdings, 
against inflation. No suitable reinvestment of funds could be rec- 
ommended at that time but it was decided that when, as and if 
attractive securities were available and offered, prompt action would 
be taken. 

Our investment portfolio now shows: 


Per Cent 
Real Estate (Norton Home) ............. $45,000.00 20.0 
i ee cn bo ckeeevise scan 53,750.00 23.6 
eS ss dss wb eeaes overs bWees 36,000.00 15.8 
ee eee weal 36,500.00 16.1 
ik Ci ae saw hacdhe 56,000.00 24.5 


As of August 31 the total cost of present investments (includ- 
ing the Norton Home) was $227,147.54 and the market value was 
$188,385.00. This market value has increased since August 31, 
1939, and our reserve for market depreciation of $30,000.00 is suf- 


een another 


satisfaction 
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ficient. The present market value of our securities, plus the cas) 
on hand, is that approximately equal to the operating expenses o; 
the Society during the past year. The interest that could be realizeq 
from this sum is of the order of 3 per cent of our current annyal 
requirements. Therefore, the Finance Committee deems it advisable 
to at least maintain this figure. 

The statement of income and expense for the year ending 
August 31, 1939, is as follows in total: 











I Si Sat a ee $323,466.75 
EE Saige cs 4G eae ba<e onto oes 275,655.39 











Creaakeh Ms te eion wes $47,811.36 





Income from Meta. Procress decreased approximately 5 per cent 
this year over the prior year from ...... $111,769.37 to $104,396.86 
and expense decreased 9 per cent from... 109,236.82to 99,518.86 


increasing the net gain from ............ $ 2,532.55to$ 4,878.00 





300k sales again prove to be a valuable part of our activities 
and show a net addition to the surplus account of over $5100.00. 
The 1939 edition of the Metats HANDBOOK came off the pres: 


























April 1, 1939, and as usual was in demand immediately. [ncom 
from advertising in this edition was $10,270.00. Sales for the first 
five months were over $6200.00 and are continuing in Septembe 
and October at approximately $900.00 a month. The print ord 
for the 1939 edition was much larger than the 1936 edition and wit 
a larger number available for sale, after free copies are given 
members, it seems that we will undoubtedly be able to balance t! 
cost of this edition which has been covered in our 1938 and 193 
financial statements. 

The 1938 Detroit Convention and Exposition was successiu 
not only financially but also as a display of beauty and sound sales 
and advertising value to our exhibitors. The technical and educa 
tional value is substantiated by the increased attendance at both th 
technical sessions and lectures. The net addition to our surplus 
from the Detroit Exposition was over $30,000.00. 

The membership, which is the foundation of our Society and 
the base for all our activities, went to a new high point this last 
fiscal year and reached a gross total in receipts of over $108,000.0 
against totals of $105,600.00 for 1937 and $103,600.00 for 1938 
Our local chapters, which have continued their splendid activities 
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henefited through this increase in membership to the extent ot 


$43,244.00. 
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The chapters report that they hold, in addition to the financial 


statement of the national office as reported above, assets of over 
s72,.600.00, an addition of $4600.00 to the net worth reported a 


year ago. 


for the future activities and progress of the chapters. 


CONDENSED AUDITED BALANCE SHEET 
AMERICAN SOCIETY for METALS 


As of August 31, 1939 


ASSETS 
Ne s 
y » } 
\ rece apie 
s 
ssets 
1.c 
U e rniture xtures ar equipment 
D harges 


LIABILITIES AND SURPLUS 


A > rd 

(Accrued taxes 

De i ? 

INCOME AND EXPENSE STATEMENT 
AMERICAN SOCIETY for METALS 
Year Ended August 31, 1939 

INCOME 

METAL PROGRESS—monthly publication 
leertieion _ ' $ 98,326. 
Advertisers serv 1.812 
Sales 324 

MEMBERSHIPS 
Membershir dues $108,180.98 
Sustaining exhibitors dues 4,775.00 $112,95 
ess apportionment of dues to chapters 43,244 

8 CONVENTION—DETROIT 

NATIONAL METALS HANDBOOK 4 
Sales at a = 7 $ 6,20 
Advertising 10,27 


, shed and purchased for resale 
F and ivide is ie 
P Isposa f securities 
TRANSACTIONS—bou copies, subscrif ms, et 
Dis earne 
Le reprints _ 
Re income—7 Eucl Avenue 
Me ¢ st I eT ates 
Ct ers—tech al service 
Tr REVIEW advertising, subscr pt s, et 
Miscellaneous 


TOTAL INCOME 





This substantial reserve should prove an important 
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EXPENSES 
Meta Procress—monthly publication ......... $ 99,518.86 
1938 convention—Detroit ...............-0000s 60,543.73 
National Metals Handbook ................... 36,012.02 
Books published and purchased for resale....... 9,681.68 
TRANSACTIONS—bound copies, subscriptions, etc.. 19,847.13 
I I Pe Te a tie wee oie ait 2,326.24 
Neen ee a kack mara 4,595.45 
SSS ESTEE PLY CE Pe PORT wee 10,127.72 
I gid dct kn pA wha Sees aoe el 12,742.21 
a a a ls ae a 7,232.66 
Accounting department ............. 7,156.34 
eS er I st tas sp Bb ka erdedic e's 2,353.18 
sk ka bw ewae bs obas 1,045.04 


National committees 


1,306.20 $274,488.46 





Lectures, medals, etc. 
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71.49 


TOTAL EXPENSES 
NET INCOME 





The above from Balance Sheet prepared by Ernst & Ernst, Certified Public Accountants 


ANNUAL REPORT OF THE SECRETARY 


Wiiiiam H. EIsENMAN, Secretary 


The American Society for Metals, on October 1, 1939, had a 
total membership of 10,220. Of this number 8929 or 87.3 per cent 
were the member classification ; 638 or 6.2 per cent were sustaining 
members ; while 630 or 6.1 per cent were juniors. 

On October 1, 1938, the Society had a total membership of 
9923. The membership this year showed a gain of 3 per cent over 
last year. 


Publication Committee 


The Publication Committee for the year 1938-39 was made uJ 
of the following: L. W. Kempf, Chairman; W. H. Bassett, Jr 
A. L. Boegehold, J. L. Burns, John Chipman, Earnshaw Cook, R 
H. Hobrock, M. Gensamer, J. J. Kanter, V. N. Krivobok, B. L 
McCarthy, M. J. R. Morris, W. H. Swanger, and Ray T. Bayless, 
Secretary. 

Throughout the year and up to the present time the Committee 
has reviewed and approved 50 papers, rejected 15, and is in the 
process of reviewing 5 at the present time, and 2 have been with- 
drawn by the authors. 

The ‘ast meeting of the Publication Committee was held in 
National lLeadquarters office in Cleveland on August 4 and 5, 1939 
This meeting was concerned with the arrangements of the technical 
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program for this Convention. The selection of the subject for the 
Symposium for the 1940 Convention was deferred to a later meet- 
ing to be held during this Convention. 


Transactions 


There has been published, since the last annual meeting of the 
Society, four quarterly issues of TRANSACTIONS, i.e. December 
1938, March, June and September 1939. The number of pages 
published in these four issues totals 1094. There were 48 papers 
printed together with the discussions. A total of 44,450 Transac- 
rions has been distributed to the membership containing a total of 
12,169,400 pages. 

The TRANSACTIONS published since December 1938 contain 
papers presented at the 1938 Convention together with others re- 
ceived during the year. 


Metal Progress 


General business conditions that have been reflected in the 
membership totals have also influenced the advertising volume in 
Metat Procress. For fiscal 1939 (which includes only as far as 
the August 1939’ issue) your magazine carried a total of 816 pages 
of revenue advertising. The total number of editorial pages was 
undiminished, and the average monthly issue practically unchanged. 

The Editorial Advisory Board has held three well-attended 
meetings, and considered a large number of problems, mostly mat- 
ters of detail. The results of the survey by Market Research Corp., 
mentioned in this report last year, demonstrated that the member- 
ship generally approved the editorial aim and performance. The 
Advisory Board interpreted the survey, however, as calling for 
“more articles and greater diversity.”’ Since the number of read- 
ing pages is limited the solution seemed to be in shorter articles. 
In 1938 Metat Procress published 240 articles of average length 
4.9 columns ; the most frequent article was 2 columns long, of which 
/1 appeared. Last year (1939) there appeared 334 articles of 3.5 
columns average; the most frequent length was still 2 columns, but 
their number had increased to 90. 

“Critical Points’”—editorial chats on newsy happenings—is a 
department that made its bow in January, and has received com- 
mendation. 

That the general typographical and pictorial make-up of METAL 
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ProGRrEss is also of outstanding excellence is proved by the receipt 
of First Award for Editorial Achievement in 1939 at the recep; 
convention of the National Industrial Advertisers’ Association, cit. 
ing “MetaL Procress for the best pictorial reporting work pub- 
lished during the twelve months ending August 1, 1939, in the 
second annual competition conducted by Jndustrial Marketing’ 
These pictorial stories have been appearing at quarterly intervals 
since July 1936. 

Let me take this opportunity of expressing the thanks of the 
Society to those hundreds of members who have contributed to th 
success Of Metat Procress by help and advice and particularly by 
excellent contributions to the editorial pages. | 



































Preprints 





Forty papers were presented before the 20th annual Conven- 
tion held in Detroit last year. For this year’s Convention 48 papers 
have been scheduled for presentation, 41 of which have been pre 
printed and distributed to those members requesting them. The 
total number of pages of preprints for 1938 was 792; the total 
number of preprint pages for 1939 is 1061. A total of 57,964 
preprints have been distributed to the membership to date. 


Books 


Since the last Convention, two books have been published and 
made available to members and others, 1.e., “Hardenability of Allo 


te 
































Steels” which consists of the papers which were presented in the 
1938 Symposium; and the “Forging Handbook” by Naujoks and 
Fabel. At the present time we are preparing the book “The U.S 
Patent System” by John A. Dienner. The 5-lecture series on 
“The Functions of the Alloying Elements in Steel” which is being 
presented at the 1939 Convention by Dr. E. C. Bain is likewise 
being prepared in book form and will be available on Friday of th 
Convention week. The 3-lecture series by Professor G. M. Enos on 
“Visual Examination of Steels” which will be presented at this 
Convention will appear in book form shortly after the Convention 
and also the 1938 lecture series by Dr. R. B. Sosman. A series 
of 12 lectures presented before the Pittsburgh chapter educational 
course will appear in book form under the title “Modern Steels.” 


The Review 


During the past year THE Review has been published monthly 
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with the exception of July and September. Of the 10 issues which 
appea ‘red from November 1938 to October 1939 all contained 

§ pages with the exception of February which was 6 pages and 
October which was 12 pages. 

The October 1939 issue was devoted almost entirely to the 
National Metal Congress and Exposition and had a circulation of 
26.000 among the members of the co-operating societies in the Con- 
oress and other technical organizations. 

Of the total space used in the 10 issues during the past year, 
3095 column-inches or 75.5 per cent was devoted to editorial mat- 
ter, and 1005 column-inches or 24.5 per cent to advertising. Re- 
ports of chapter meetings and educational activities used 1736 col- 
umn-inches or 42.3 per cent of the total space. 


Metals Handbook Committee 


The Metats HAnpBooK Committee has had a very active year 
in the preparation of the largest edition of Mrerats HANDBOOK so 
far published by the Society. 

The personnel of Metats Hanpsook Committee, (from the 
time the preliminary work started) whose responsibility it was to 
organize and compile the 1939 edition of MretTaLs HANDBOOK, was 
as follows: 


R. H. Aborn 

E. L. Bartholomew 

A. D. Beeken, Jr. 

J. P. Gill, (Chairman 1937, Term Expired 1937) 
J. H. Hall, (A.S.T.M. Representative ) 
QO. E. Harder, (Term Expired 1938) 

S. L. Hoyt, (Term Expired 1938) 

H. L. Maxwell, (A.W.S. Representative ) 
R. L. Dowdell, Chairman 

C. W. Obert, (1.A.A. Representative ) 

G. C. Riegel, (Term Expired 1937) 

. O. Schaefer 

R. B. Schenck 

S. C. Spalding 

Adam Steever, (Term Expired 1937) 
Jerome Strauss, (A.I.M.E. Rep.) 

K. R. Van Horn 

J. E. Donnellan, Secretary 


0 


Although the committee held only one meeting during the year, 
September 23, 1938, in the National Office of the Society, the mem- 
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bers have handled a tremendous volume of work by correspondene, 
consisting of organizing subcommittees, reviewing over 125 many. 
scripts, and making revisions in standing articles. 

All subcommittees and authors were requested to review an¢ 
check all articles and reports for the METALS HANDBOOK and make 
the necessary revisions. The revision of standing articles and the 
preparation of new material required 51 committees and 430 author: 
and committeemen for the preparation of the 1939 edition of Merar: 
HANDBOOK. Every manuscript is submitted to a reviewing commit 
tee before given finai publication approval by Metats Hannppgooy 
Committee. Approximately 375 members of the Society have co. 
operated with the Committee in this important phase of the Merats 
HANDBOOK program. The Committee had, therefore, a very exten 
sive committee organization engaged in the preparation of the Metars 
HANDBOOK. Approximately 800 members of the Society partici 
pated in this activity for the 1939 edition. 

When the Metats HANDBOOK was completed and ready for 
distribution on April 1, 1939, all subcommittees were retired fron 
active work with the exception of the Subcommittee on Alloying 
Elements that still had an extensive program under consideration 
sO was requested to continue with its present program. 

New subcommittees will be appointed and preliminary plans 
formulated for a new Metats HANDBOOK program at the next meet- 
ing of Metats HANDBOOK Committee to be held early this coming 
year. 

The new Mertrats HaNnpbsBook contains 429 subjects, 123 oi 
which were new for this edition, resulting in an increase of 411 pages 
over the previous edition. The Ferrous Section contains 229 articles 
with 1200 pages and the Nonferrous Section, 200 articles with 573 
pages. 

In addition to the two major divisions (Ferrous and Non- 
ferrous) the Metats HANnpsBooxk contains 59 subdivisions arranged 
according to the plan proposed by R. S. Archer when he was an 
active member on the committee. Among those in the Ferrous 
Section are such important subdivisions as: general data, structure 
of metals, testing, heat treatment, welding, constitution of alloys, 
properties, technology of iron and steel, shaping and forming oi 
metals, surface treatments, cementation processes, micrograph o/ 
iron and steel. 


In a similar manner the Nonferrous Section is also subdivided 
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covering general data, constitution of alloys, properties, microg- 
raphy, and technology of the important metallic elements and their 
alloys but especially aluminum, bismuth, calcium, copper, gold, lead, 
magnesium, lithium, nickel, platinum group metals, tin, and zinc. 

Again the Society has made every effort to verify the many 
references in the Metats Hanpsooxk to the technical literature. 
All references were submitted to the Engineering Library in New 
York for verification so that they will be of maximum assistance 
to the members of the Society. 

By a specially appointed committee the International Acetylene 
Association co-operated with the Society in revising and enlarging 
the articles on Welding and Cutting of Metals. The committee was 
composed of both gas and electric welding experts and users of the 
processes. The work of the International Acetylene Association 
is greatly appreciated as their splendid co-operation with the Society 
has added much to the value of the HANDBOOK. 

The Nonferrous Section was again under the sponsorship of 
the Nonferrous Data Sheet Committee of the Institute of Metals 
Division of the American Institute of Mining and Metallurgical 
Engineers through a co-operative arrangement with the American 
Society for Metals. 

As this section of the HANpBoox contains 573 pages on 200 
articles devoted to a variety of subjects on nonferrous metallurgy, 
it has grown to be an important section and is meeting a valuable 
need among the many users of the HanpBoox. The Nonferrous 
Data Sheet Committee carried to a successful completion a very 
important program for this edition of the Hanpsoox. This co- 
operation is deeply appreciated by the American Society for Metals 
and we wish to express our sincere appreciation to the Nonferrous 
Data Sheet Committee and to the members of the American Insti- 
tute of Mining and Metallurgical Engineers who have assisted in 
the preparation of the Nonferrous Section of the HanpBoox. The 
personnel of the Nonferrous Data Sheet Committee was as follows: 


W. L. Fink Jerome Strauss, Chairman 
W. E. Remmers E. M. Wise 
E. E. Schumacher Lyall Zickrick 


When the Metats Hanpsook was ready for distribution the 
membership was advised of the free exchange arrangement through 
notices in the other Society publications and through the chapter 
announcements. To date 7989 members have taken advantage of 
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this free exchange, but there are still 2225 members of the Society 
who have not taken advantage of the opportunity to secure their 
copy. 

Metats HANDBOOK is very widely used as a metallurgical ref. 
erence volume. Many schools are using it in their class work. The 
Engineering Departments of the Government are using it as a ref- 
erence volume and over 1300 copies have been distributed through- 
out various industries who are not members of the American Societ, 
for Metals. 

Educational Committee 


The Educational Committee for the year 1939 was made up 
of the following: R. L. Kenyon, Chairman; E. C. Bain, W. 1 
Conley, W. E. Harvey, H. C. Knerr, R. G. Roshong, and Ray T 
Bayless, Secretary. 

The Committee has held two meetings since the last Conven- 
tion: one on November 1, 1938, and the second on February &, 
1939. 

The meeting in November concerned itself with the selection 
of the two lecturers for the 1939 Convention, i.e. the 5-lecture series 
by Dr. Edgar C. Bain on “The Functions of the Alloying Elements 
in Steel,” and the second, the 3-lecture series on “Visual Examina 
tion of Steels” by Professor George M. Enos. In addition to mak 
ing arrangements for these two lecture series, the Committee con- 
cerned itself with a study of visual educational methods, both by) 
means of slides and moving pictures. 

As a result of a recommendation o1 the Committee to the Board 
of Trustees for suitable photographic equipment for the making of 
moving pictures on educational subjects, the Board authorized the 
purchase of suitable camera and auxiliary equipment for the use of 
the Committee. 

A discussion and analysis of several scenarios was then held bj 
the Committee with the result that ‘+ se!ccied for its first motion pic- 
ture endeavor the subject of “Metal”: stals.” Work has been 
started on the preparation of this nx , picture film but it has 
not arrived to a state where it is ready for release. 

The 5-lecture series on the “Machining of Meials” which was 
presented at the Detroit Convention has been made available in book 
form to the membership and any other interested parties. The sec- 
ond lecture series on “Pyrometry’ by Dr. R. B. Sosman is now 
awaiting publication in book form. 
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[he Committee held a second meeting on February 8, 1939, 
for the purpose of discussing the subjects and authors for the 1940 
lecture series. The Committee decided that the subject “Response 
of Metals to Various Loadings” was a timely subject and that it 
was possible to select authors who were fully competent to handle 
the subject matter. 

For the afternoon 5-lecture series the subject of “Quenching 
of Steels” was selected as that which was most appropriate and 
several authors were selected to handle the various lectures similar 
to the lecture series on the “Machining of Metals.” Announcements 
will be made at a later date as to the authors that have been selected 
for the lecture series for 1940. 


New Headquarters 

The staff of the national office look forward with a great deal 
of pleasure and anticipation to occupying the new national head- 
quarters in Cleveland. 

The purchase of this building by the Board of Trustees repre- 
sented an investment of Society funds in real estate, and as Treas- 
urer Stoughton has said, helped to give a diversification to these in- 
vestments. 

We sincerely hope that members of the Society, as they travel 
through Cleveland, will take the opportunity to stop off and visit 
their headquarters. 

Employment Service 

We have great hope that the employment service which is just 
being inaugurated by the Board of Trustees is an action in the proper 
direction to service members and member-firms of the Society in an 
up-to-date, satisfactory manner. 

It represents additional service to the members of the Society 
and its success can be measured by the extent to which the indi- 
vidual members and the member companies avail themselves of this 
proffered service. 

National Metal Exposition 

The present National Metal Congress and National Metal Ex- 
position continues to serve the worthy purposes and aims for which 
these institutions were established. This year the Society has been 
particularly fortunate in that the convention and the exposition has 
come at a time when a business upsurge was in effect, thus affording 
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our members the exceptional service of having many papers of 
technical nature on the subject of metals presented at one time as 
well as having assembled in the exposition the outstanding new de- 
velopments in metal production, fabrication, welding, testing, treat. 
ing and inspection. 


ELECTION OF OFFICERS 


Wrixtr1am P. Woopsipe, President 





Complying with the Constitution, I appointed as of March 15, 
1939, the following Nominating Committee, selected from the list of 
suggested candidates received prior to March 1, 1939: 


Gordon T. Williams, Chairman, (Cleveland Chapter ) 
John S. Marsh, (New York Chapter) 
Neil P. Petersen, (Ontario Chapter ) 
S. H. Graf, (Oregon Chapter ) 

G. C. Riegel, (Peoria Chapter) 

R. W. Schlumpf, (Texas Chapter ) 
Hyman Bornstein, (Tri-City Chapter) 


This Committee met at the Palmer House, Chicago, on May 19, 
1939, and made the following nominations : 























President—James P. Gill, chief metallurgist, Vanadium-Alloys Steel Co., 
Latrobe, Pa. 


(1 year) 

Vice President—Oscar E. Harder, assistant director, Battelle Memorial 
Institute, Columbus, Ohio. 

(1 year) 

Treasurer—Kent R. Van Horn, research metallurgist, Aluminum Co. oi 
America, Cleveland. 

(2 years) 3 

Trustee—H. J. French, in charge of alloy steel and iron development, 
International Nickel Co., New York. 

(2 years) 

Trustee—Marcus A. Grossmann, director of research, Carnegie-IIlinois 
Steel Corp., Chicago. 
(2 years) 


A report of these nominations duly appeared in THE REvIEW 
for May 1939. 

I have been informed by the Secretary that no additional nomi- 
nations were received prior to July 15, 1939, for any of the vacancies 
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occurring on the Board of Trustees. Consequently the nominations 
were closed. I shall now call upon the Secretary to carry out the 
provisions of the Constitution in respect to the election of National 
Officers. 

W. H. EtsENMAN: Conforming with the requirements of the 
constitution of the Society, I hereby cast the unanimous vote of all 
members for the election of the aforenamed candidates, who were 
nominated on May 19, 1939. 

PRESIDENT WoopsIDE: The provisions of the Constitution hav- 
ing been complied with, I hereby declare the candidates heretofore 
named to be duly and unanimously elected to the several specified 
offices, the terms of each office just elected beginning on the day 
following the close of this annual meeting. 

President Woodside then introduced the newly-elected 
officers, and Mr. Gill gave a talk to the members saying he fully 
appreciated the honor and responsibility the office of president con- 
ferred upon him. 

Mr. Woodside then presented a certificate to Dr. E. C. Bain in 
appreciation of his series of educational lectures on “The Functions 
of the Alloying Elements in Steel.’”’ He also presented a certificate 
to Prof. G. M. Enos in appreciation of his series of educational lec- 
tures on “Visual Examination of Steels.” 

Mr. Woodside then presented the President’s Bell to the Cin- 
cinnati Chapter. Mr. J. B. Caine, chairman of the Cincinnati chap- 
ter, accepted the Bell, stating he accepted it on behalf of the men who 
did the work last year, especially Mr. Siems, who was last year’s 
chairman. 

Secretary Eisenman then presented the following papers by title: 

“The Effect of Hardness and of Temperature on the Strength, 
Ductility, and Toughness of a Heat Treated Carbon Steel,” by S. W. 
Lyon, University of Illinois. 

“Hardness Characteristics of Some Medium Carbon S.A.E. 
Steels,” by P. Klain and C. H. Lorig, Battelle Memorial Institute. 

“The Accelerating Effect of Certain Metallic Elements on 
Graphitization,” by H. A. Schwartz, V. Fiordalis, J. L. Fisher, J. F. 
Shumar and M. J. Trinter, National Malleable & Steel Castings Co. 

... Mr. R. E. Zimmerman then took over the chairmanship for 
the Campbell Memorial Lecture, which was presented by Dr. E. S. 
Davenport, U. S. Steel Corp. Research Laboratory, on the subject 
of “Isothermal Transformation in Steels.” 
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THE ANNUAL BANQUET 





On Thursday evening, October 26, 1939, the American Society 
for Metals was host to more than 1000 members and guests at js 
annual banquet held in the ballroom of the Palmer House, Chicago 
Seated at the speakers’ table were the following: H. S. VanVlee. 
metallurgical engineer, American Can Co., and chairman of the 
Chicago Chapter; G. M. Enos, associate professor of metallurgy. 
University of Cincinnati, and special lecturer at this Convention: 
K. R. VanHorn, research metallurgist, Aluminum Company oj 
America, and new treasurer of the Society; R. F. Mehl, director, 
Metals Research Laboratory, Carnegie Institute of Technology, and 
1939 Henry Marion Howe Medalist; G. Ansel, metallurgical staff, 
Dow Chemical Co., and 1939 Henry Marion Howe Medalist; C. S. 
Barrett, metallurgist, Carnegie Institute of Technology, and 1939 
Henry Marion Howe Medalist; O. E. Harder, assistant director, 
Battelle Memorial Institute, and new vice-president of the A.S.M 

H. A. Anderson, metallurgical engineer, Western Electric Co., and 
trustee of the A.S.M.; R. E. Zimmerman, vice-president in charg 
of metallurgy and research, United States Steel Corp.; Bradley 
Stoughton, professor of metallurgy, Lehigh University, and retir 
ing treasurer of the A.S.M.; G. C. Kimball, executive vice-president 
United States Steel Corp.; Stanley P. Rockwell, vice-president and 
general manager, Stanley P. Rockwell Co., and 1939 recipient of th 
Sauveur Achievement Award; E. C. Bain, assistant to vice-prest- 
dent, United States Steel Corp., special lecturer at this Convention 
and past president of the A.S.M.; R. S. Archer, chief metallurgist, 
Republic Steel Corp., and past president of the A.S.M.; Zay Jeffries, 
technical director, Nela Park, General Electric Co., and past presi- 
dent of the A.S.M.; R. E. Desvernine, president, Crucible Stee! 
Company of America, and principal speaker of the evening; W. P 
Woodside, vice-president, Climax Molybdenum Company, and retir 
ing president of the A.S.M.; A. E. White, director of engineering 
research, University of Michigan, and first president of the Society: 
J. P. Gill, chief metallurgist, Vanadium-Alloys Steel Co., and new 
president of the A.S.M.; G. B. Waterhouse, professor of metallurgy. 
Massachusetts Institute of Technology, and past president of the 
Society ; J. M. Schlendorf, vice-president in charge of sales, Repub 
lic Steel Corp.; E. S. Davenport, metallurgist, United States Stee! 
Corp., and 1939 Edward deMille Campbell Memorial Lecturer; 
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|. M. Ellis, general manager of sales, Bethlehem Steel Co.; A. T. 
Clarage, president, Columbia Tool Steel Co.; S. L. Hoyt, member 
staff, Battelle Memorial Institute, and trustee of A.S.M.; F. B. 
Foley, superintendent of research, Midvale Company, and trustee 
of the A.S.M.; F. J. Griffiths, president, Griffiths Bowman Engi- 
neering Co.; M. A. Grossmann, director of research, Carnegie- 
Illinois Steel Corp., and new trustee of the A.S.M.; D. S. Clark, 
instructor of mechanical engineering, California Institute of Tech- 
nology, and trustee of the A.S.M.; H. J. French, in charge of alloy 
steel and iron development, International Nickel Co., and new trustee 
of the A.S.M.; L. F. Fitzpatrick, manager, Flexible Shaft Co., Ltd., 
and guest of honor; E. A. Terwell, salesman, Driver-Harris Co., 
and secretary-treasurer of the Chicago Chapter; E. T. Lawless, 
manager, Palmer House; W. H. Eisenman, secretary of the Ameri- 
can Society for Metals. 

Dr. Edgar C. Bain then presented Stanley P. Rockwell for the 
Sauveur Achievement Award saying: 

“It is a pleasant assignment, Mr. President, which has been 
given me, to present to you the man selected to receive from you 
the Albert Sauveur Achievement Award. I need not recall to you 
the rather unusual circumstance that Professor Sauveur, himself the 
first recipient of the award, personally presented the plaque to the 
persons since selected for this honor. Our feelings of sadness that 
this custom is at an end are yet too keen to be referred to in words 
at this time. May I rather say, merely, that it is a matter of some 
satisfaction to us all that this Award, created by our Society to do 
special honor to a beloved and respected member, was established, 
not posthumously, but during his active days with us. 

“The Committee of Award, consisting of the past presidents of 
the Society, have deliberated well and, to receive tonight the Albert 
Sauveur Achievement Award, have unanimously chosen Stanley P. 
Rockwell. 

“The basis of award is in keeping with a spirit enunciated at 
the time of its creation, and I am charged by the committee to affirm 
that it is intended to recognize fundamental, basic contributions to 
the arts or technology of the metal industry, without reference to 
publications, or subsequent scientific extensions and study by the 
originator, but proven by time to have been significant and impor- 
tant. 


“The decade prior to the World War was the beginning of a 
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new industrial era, an era which demanded better technical contro] 0; 
industrial products, and it was in this new era that Stanley P. Rock. 
well, after graduating from Yale in 1907, found employment in jp. 
dustry ; first, in electrical engineering and a few years later in the 
physical metallurgy of steel. 

“*Stan’ Rockwell was born in New Britain, Connecticut. He 
attended Yale University and was a member of the Yale Crew. Ip 
1907 he graduated from Sheffield Scientific School with a degree in 
electrical engineering. Shortly after graduation, he was employed 
at the Lynn Works of the General Electric Co., where he remained 
for about a year, and then entered the employ of the Stanley Works 
located in New Britain, Conn. It was at the Stanley Works that 
Rockwell first became interested in the physical metallurgy of stee! 
In 1912 he became associated with The New Departure Manufac 
turing Co., Bristol, Conn., taking on the duties of a testing engineer 
and metallurgist and it was at New Departure that Rockwell really 
began to hit his stride as a metallurgist. 

“The New Departure Manufacturing Co., at that time, were not 
only making ball bearings for automobiles, but was making auto 
mobiles as well; Rockwell found himself associated here with a num 
ber of other young and enthusiastic engineers, one of whom being 
our past president, Frederick G. Hughes. They had difficult prob 
lems to solve but they also had the courage and determination t 
solve them. 

“Shortly after coming to New Departure, Rockwell was given 
the job of supervising the hardening of ball races. The only method 
of checking the hardness of ball races at that time was by the use of 
a file. This method was far from satisfactory and Rockwell immedi- 
ately realized that, to control hardness, he must have some kind oi 
a yard stick with which to measure hardness accurately. He set 
about to make an appropriate tester. 

“His first attempts were so discouraging that the average man 
would have dropped the idea. Failure, however, only acted as an 
incentive and those who watched him develop his hardness tester 
soon realized that perseverance was one of Rockwell’s outstanding 
characteristics. It is difficult to estimate the amount of time he 
spent, or the great amount of work he did, during the development 
of his tester before he arrived at the basic principle of using both a 
minor and major load in measuring indentation hardness, thus giving 
to the hardness tester the high degree of accuracy he desired 
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Around the world, the final instrument is now in use where metals 
are handled. 

“In order to get a better understanding of what happened when 
various alloy steels were heat treated, Rockwell began the develop- 
ment of a dilatometer, so as to see if he could determine the reason 
for excessive distortion when encountered in hardening these steels. 
This first dilatometer was rather a crude affair, consisting of a dial 
gage, a lever system, and a quartz contact rod, assembled to a small 
laboratory electric furnace. From this crude instrument, Rockwell 
obtained valuable information as to what could happen when alloy 
steels were hardened. Later, he developed this dilatometer into an 
accurate working instrument. 

“In the fall of 1916, Rockwell became associated with E. F. 
Houghton and Co. as their consulting metallurgist. This change 
offered him the further advantage of observing, at first hand, the 
steel problems other manufacturers had and how these problems 
could best be solved. He had only been with E. F. Houghton and 
Co. a short time when the United States entered the World War. 
He immediately offered his services to the Ordnance Department and 
was commissioned a Captain. 

“Shortly after the World War, Rockwell resigned from the 
Ordnance Department and became metallurgist and works manager 
of the Weeks-Hoffman Co., Syracuse, N. Y. However, being a good 
Connecticut Yankee, Rockwell felt the urge to get back to his native 
state, and in 1920 he became metallurgist for the Whitney Mfg. Co., 
Hartford. | 

“Now for a number of years, Rockwell had the idea that he 
would like to set up for himself and establish a consulting and engi- 
neering service, together with a commercial heat treating shop. He 
knew there was a demand for service of this kind, and in 1923 he 
took this step and established the Stanley P. Rockwell Company, 
Hartford, Conn., and is still actively associated with this company 
as vice-president and general manager. 

“Stanley Rockwell’s approach to a problem is that of an engi- 
neer ; he thinks along mechanical lines rather than physical-chemical 
lines and he is always looking for a practical solution of the problem. 
He has the production viewpoint—he is a hard worker because he 
has an active mind. 

“The dilatometer has now become a rugged piece of precision 
equipment autographically producing both a time-length curve and 
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a temperature-length curve simultaneously, with heating and cooling 
rates under wide control. | 

“Not content with these achievements, Rockwell has also be 
come a navigator, and he obtains most of his recreation and enjoy- 
ment aboard his boat, The Chin Chin. Sometimes it will be a fishing 


trip on Long Island Sound—or perhaps a cruise along the Maine 




















Coast. Like most seafaring men, he also enjoys the thrills that go 
with it, even to the extent of riding out the hurricane last fall on 
the flooded Connecticut River. 

“Rockwell is a member of the American Society for Metals, the 
Society of Automotive Engineers, and the American Society of 
Mechanical Engineers. He is still very actively engaged in man 
metallurgical problems and will undoubtedly make many more con- 
tributions to the art.” 

President W. P. Woodside then presented the Albert Sauveur 
Achievement Award plaque and scroll to Stanley P. Rockwell who 
responded as follows: 









































“President Woodside, Past Presidents, distinguished guests, 
ladies and gentlemen, and fellow members of The American Society 
for Metals: I accept this honor and award which you have presented 
to me with sincere thanks and with a profound realization that the 
ideas conceived by me could not have been made useful to the public 
without friendly aid. I am speaking now of the Rockwell Hardness 
Tester and the Dilatometer. 

“Since college days I soon found out that metal treatment held 
for me a great interest. Your President has informed me that the 
Sauveur Award was given me for pioneer work in the development 
of instruments for controlling the heat treatment of steel. 

“When I think back thirty years to my first responsible posi- 
tion with the New Departure Co., who at that time was entering 
the ball-bearing business and was itself a pioneer in steel treating, | 
was dismayed at the lack of tools for heat treatment as compared 
with the machine shop. Pyrometers were little known and the hard- 
ener was skeptical of them. The microscope as an aid was just 
coming into use, due to the far-sighted efforts of our late dis- 
tinguished member, Albert Sauveur. 

“The selection of steel and the processes of hardening were left 
to the hardener. The lack of finding the right heat for hardening 
and the inability to tell with any degree of accuracy or repetition the 
hardness of the work was a great handicap. Fortunately at the New 
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Departure Co. we had an enthusiastic group of technically trained 
men who did things, and it was under such environment that both my 
dilatometer and hardness tester were conceived. 

“Protective patents on the hardness tester were assigned to the 
New Departure Co. and after leaving this company the patents were 
reassigned. I struggled along with but little success primarily be- 
cause of funds. One of ten early machines came to the attention of 
Mr. Charles Wilson of the then Wilson-Maeulen Co. whose vision 
saw the present usage. Redesigning brought out new patentable 
features neglected in the first patent. 

“T am telling these facts to bring out that one man alone may 
conceive an idea or a principle, but it takes friendly co-operation of 
others to build this idea into a machine of beauty, to bring it to the 
attention of the public, to sell it to those who have need of it, all of 
which creates business and employment. And for this I give all 
credit to Mr. Wilson and to his organization, The Wilson Mechanical 
Instrument Co. 

“The dilatometer, conceived about the same time as the hard- 
ness tester, remained dormant until after the War. I then built 
working models and spent many years in development work and 
placed about 200 machines here and abroad. Two specific needs 
were found to be necessary. First a company to manufacture and 
sell with instrument experience and a world-wide reputation.” 


Robert S. Archer was then called upon to introduce Dr. Zay 
Jeffries for the award of honorary membership in the Society. He 
said,— 

“On behalf of the Board of Trustees, I have the honor and the 
great personal pleasure of presenting to you Dr. Zay Jeffries, whom 
the Board has unanimously and very fittingly elected to honorary 
membership in the American Society for Metals. We may well be 
proud of the addition of his name to a distinguished list which in- 
cludes Charles F. Brush, Edward deMille Campbell, Henry Le 
Chatelier, Elbert H. Gary, Sir Robert Hadfield, Elwood Haynes, 
Kotaro Honda, Henry Marion Howe, Charles F. Kettering, John A. 
Matthews, Albert Sauveur, Charles M. Schwab, Willis R. Whitney 
and Thomas A. Edison. 

“Four years ago, in this room, it was my privilege to present 
to Dr. Jeffries, on behalf of the Past Presidents of the Society, the 
\lbert Sauveur Achievement Award. At that time Dr. A. E. White, 
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in introducing Dr. Jeffries, cited his accomplishments quite ade- 
quately in view of the limited time available. This citation is now , 
matter of record in the TRANSACTIONS of our Society. On the pres- 
ent occasion I will therefore attempt to add to, rather than repeat, the 
things which were said at that time. 

“Since our last meeting in this room in 1935, Dr. Jeffries has 
been elected to the National Academy of Sciences. We are ver 
happy about this recent honor and, since we feel that Dr. Jeffries is 
one of us, we are also rather proud of it. 

“In accepting the Sauveur Award, Dr. Jeffries very graciously 
sought to share the credit for his achievement with others. As one 
of his associates mentioned at that time, I may say that we appreci- 
ated that recognition. Tonight, however, I wish to call attention to 
the fact that some of Dr. Jeffries’ most valuable work was carried 
out practically single-handed. I refer to his great generalizations 
on grain growth in metals, and to his important observations on the 
effects of temperature, deformation and grain size on the properties 
of metals. His laws of grain growth have been of great practical 
value and, with minor additions, remain some twenty-five years later 
a comprehensive and accurate summary of this subject. His con- 
ception of the ”equi-cohesive’ temperature in metals is still very 
useful in understanding the properties of metals at elevated tem- 
peratures. 

“It is interesting to note that these researches were carried out 
in connection with decidedly practical studies on the manufacture of 
tungsten wire and the behavior of lamp filaments. It should, further- 
more, be an inspiration to the younger metallurgists in particular to 
know that this important work was substantially completed by Dr. 
Jeffries before he reached the age of thirty. 

“All may know of that portion of Dr. Jeffries’ work which has 
been published. Those who have been closely associated with him 
also know of many contributions both large and small which have 
not been described in technical publications. On one occasion which 
was again before he reached the age of thirty, he was asked to visit 
for the first time an aluminum foundry engaged in the new art of 
making permanent mold castings. Rejections for cracks were run- 
ning very high. He took samples back to his laboratory and from 
microscopic examination deduced the chief cause of these particular 
cracks and suggested a practical remedy. Again serious trouble 
was experienced with shrinkage in fuse bodies. Dr. Jeffries cor- 
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rected the trouble by inserting in the iron molds some copper plugs 
whose higher thermal conductivity provided the necessary increase 
in chill, thus permitting the successful manufacture of several mil- 
lion of these castings. This may seem relatively simple now, but it 
was new in the art at that time and was not at all obvious to others 
who were confronted with the same problem. I cite examples of this 
sort because, while Dr. Jeffries is known all over the world for his 
contributions to theoretical metallurgy, he is also known to his as- 
sociates for his practical solutions of problems of the kind with which 
most of us are concerned in our daily work. 

“Dr. Jeffries’ contributions of a personal and individual nature 
did not cease when he assumed the direction of large numbers of 
other workers in his chosen field. To these contributions was added, 
however, a keen appreciation of the ideas and work of others, an 
unfailing enthusiasm, and an unusual ability to appraise the prob- 
able commercial value of new developments. Results have shown 
that his direction of research and development work has been success- 
ful, which implies that it has also been efficient. One of the prin- 
ciples which he recognized at an early date was expressed in the say- 
ing, ‘Let the results of today determine the action of tomorrow’. In 
other words, he recognized the waste of money and the irretrievable 
loss of time which too often result from blindly following an elabo- 
rate plan of experiments without regard to the indications obtained as 
the work progresses. 

“The American Society for Metals owes much as an organiza- 
tion to the efforts of Dr. Jeffries. Some of his services are indi- 
cated by the positions he has held as member of the Board, National 
Treasurer and Chairman of the Finance Committee, and as Presi- 
dent. He has also contributed freely of his time and sound judg- 
ment on many occasions when he did not actually occupy an official 
position in the Society. 

“It is indeed a privilege and an honor to present to you, Mr. 
President, Dr. Zay Jeffries as a candidate for honorary membership 
in the American Society for Metals.” 

President Woodside then presented Dr. Jeffries with the scroll 
of Honorary Membership in the American Society for Metals. 

Dr. Jeffries responded to the award as follows— 

“Mr. President, Mr. Archer, Ladies and Gentlemen: 

“When Mr. Archer read the names of our fourteen distin- 
guished honorary members I felt humble. When I realized that 
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ten of the fourteen are no longer numbered among the living, | was 
shocked because of the irreparable loss to mankind. On further 
reflection the shock was cushioned by the thought that. the remaining 
four are still with us, and the others have made impressions on our 
lives which can never be erased. They live again tonight in our 
thoughts. Their constructive. examples provide patterns for all of 
us to follow, and their great contributions are our valuable heritage. 

“In reciting some things which I have done, Mr. Archer mod- 
estly refrained from mentioning some of the results of our joint 
efforts. Our names are associated, among other things, as authors 
of The Science of Metals and as promulgators of the “slip inter- 
ference theory of hardening.” In addition, Mr. Archer’s keen and 
untiring mind has provided me with stimulation which I find it quit 
impossible to evaluate. 7 

“The American Society for Metals is the technical society 
phenomenon of our generation. There must be a sound foundation 
for such a success. In trying to assay the building-blocks of this 
foundation, some things stand out clearly. 

“From the beginning there has never been the thought that the 
Society was an end in itself, but rather the means to an end—service 
to its members and to industry. Members have not been asked to 
join to help the Society, and Exhibitors have not been asked to take 
space to help the Society, but to help themselves. 

“It seems to me that we may truly say that the American Society 
for Metals represents the mass production low cost principle applied 
to technical society service. There is no entrance nor initiation fee 
to discourage potential members from joining. The dues are unbe- 
lievably low for the advantages offered, and the only qualification for 
membership is a desire to join. | 

“Again, the Society was a pioneer in bringing service to the 
membership through local chapter activities. These activities were 
financed by allocating a genercus share of the membership dues to 
the local chapters. Of course many services, such as the publication 
of the MetaLts HANDBOOK, add to the attractiveness of membership 

“But there is, I believe, a master building-block in this sound 
foundation which has been largely responsible for the Society's 
phenomenal success. It is the harmonious marriage of the technical 
programs and the exhibits which we are now witnessing for the 2!st 
consecutive year. Each complements the other. To the technical 
sessions come the metallurgists and other scientific workers to de 








| iT ember 


iving, I was 
On further 
€ remaining 
10NS On our 
ight in Our 
> for all of 
le heritage. 
cher mod- 
f our joint 
as authors 
“Slip inter- 
s keen and 
ind it quite 


cal society 
foundation 
tks of this 


ht that the 
1d—service 
n asked to 
ced to take 


an Society 
dle applied 
tiation fee 
are unbe- 
ication for 


ice to the 
ities were 
p dues to 
ublication 
mbership. 
his sound 
Society’s 
technical 
r the 21st 
technical 


rs to de- 






1939 ANNUAL BANQUET 1149 


scribe their new findings and discuss theories and practical applica- 
tions. At the exhibit hall may be seen the physical embodiments of 
these new findings. Here also, within an area of a few acres, one 
can consult dozens of experts in all branches of the metal industry. 
The Society has not been afraid to join the technical and commer- 
cial people in its membership ; it has faced the obvious situation that 
the technical and commercial must both be served. The meetings 
are essentially educational and technical, and the Exhibits are essen- 
tially commercial. 

“This harmonious marriage is an example of ‘emergent evolu- 
tion.” This is a term coined by students of life processes to indicate 
the rare instances of new and unexpected favorable characteristics in 
hybrids. Normally, if a member pays ten dollars per year dues, he 
should not expect to receive services costing more than ten dollars. 
In the American Society for Metals he receives services costing from 
twenty to forty dollars. The added service is made possible largely 
by the Exhibit. The Exhibit is possible only because of the technical 
meetings. Combined, they provide an inducement for greater attend- 
ance than the technical meeting alone. Other societies join to swell 
the ranks. The ultimate result is that the National Metal Congress 
and Exposition attracts the largest gathering in the metal industry. 
Furthermore, it attracts the keymen. Thus does the metal industry 
put its stamp of approval on the service rendered by the Society. 

“This solid foundation did not just happen. It is the result of 
much hard work on the part of many people. It reflects not only the 
diligent effort, but. the genius of our Secretary, W. H. Eisenman. 
So many of our able members share the responsibility for success 
that they are ever on the alert to lend a helping hand to keep the good 
ship afloat. My own small share in the contributions of the Society 
to the welfare of the metal industry constitutes one of my greatest 
satisfactions. 

“Mr. President, you know how fond I am of the Society, and 
you know my great personal affection for many of its members. 
Words cannot express my deep appreciation of this honor. May | 
merely say to the Society, through you, I thank you.” 


President Woodside cailed upon Secretary W. H. Eisenman to 
present Dr. Albert Easton White for the award of Founder Mem- 
ber of the American Society for Metals. Mr. Eisenman said: 

“In late October 1920 I stood with a companion leaning against 
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the balustrade of the Singer Tower, then the tallest building in New 
York. We were discussing the future of the A.S.M. and how its 
energy and efforts might be directed towards a realization of the 
cherished goal the founders had visualized for it. 

“*We must build well but slowly,’ said my companion, Col. A 
E. White, who had just been elected the first president of a newly- 
organized metal group formed from the Steel Treating Research 
Society and American Steel Treaters’ Society. 

“Col. A. E. White’s election as president had been in recogni- 
tion of his untiring efforts in gathering the discordant sections into 
an even symphony, and also the confidence everyone had that his 
counsel and advice would contribute much to the future growth and 
direction of the Society. 

“And thus has he ever been, alert to the trend; willing!y giving 
of his sound advice; with the interests of the A.S.M. always in his 
heart. 

“And so, Mr. President, it seems fitting and proper that this 
distinguished gentleman should receive from you, the one who started 
the Society, October 4, 1914, a Founder Membership in recognition 
of his unselfish efforts in welding together the raw materials to form 
the base on which the present A.S.M. is built. 

“Mr. President—Colonel White.” 

After the presentation of the Scroll of Founder Member in th 
American Society for Metals, Colonel White accepted as follows: 

“Mr. President, Ladies and Gentlemen : 

“This honor of Founder Membership which you have seen fi 
to confer upon me, I accept with pleasure. 

“It is a rare privilege to have been one of those instrumental 
in effecting the amalgamation of the Steel Treating Research Soci- 
ety and the American Steel Treaters’ Society. That the union was 
wise has been borne out by the later history and success of the Soc! 
ety ; a success which is a tribute to the continued interest, efforts anc 
work of your officers and of yourselves as members. 

“T appreciate particularly the honor of having the presentation 
speech made by our Secretary, Mr. William H. Eisenman, and the 
actual presentation by our President, Mr. W. P. Woodside. These 
are both men that I have known long and well; both have contributed 
materially to the well-being of the Society, as leaders and makers of 
men. 

“Again, I thank you for this honor.”’ 
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Following this presentation the guest of honor and speaker of 
the evening, Raoul E. Desvernine, president of the Crucible Steel Co. 
of America, gave his interesting address which is printed in full 
herewith. 


Sc? ace and Steel in Industrial Democracy 


By Raout E. DESVERNINE 


As a professional in the law but a novice in industry, I would 
have been terrified at addressing such an audience of scientists 
and engineers if it were not for the scientific cure which you have 
administered to my nervousness during the past few days. When 
[ remarked, “How can a lawyer talk like a steel maker?” I was told, 
“Well, if a paper hanger can talk to the world for one and one-half 
hours as a statesman, you ought to be able to stick it out at a dinner 
for 20 minutes.” Another consolation came from a person who is 
undoubtedly a very keen political observer. He said, “Why worry? 
Those in authority nowadays are not expected to know a damn thing 
about what they are doing or saying.” 

[ suppose that’s why I was invited to address you without any 
subject being assigned. Your toastmaster probably thought I was 
just another “paper hanger” who accidentally arrived and that he 
could, therefore, let me talk on any subject with authority and 
incompetence. 

But in attending your various activities this week, I had revealed 
to me a subject which might be of mutual interest. I have noticed 
in your various scientific seminars that science is not a dry subject 
but, in fact, rather wet, not purely materially but somewhat spirit- 
ually, if alcoholic content is a scientific test of spirituality. 

I intend, therefore, to cast aside the current nauseating jargon 
of jingoism and the mystical terminology of technicians and romance 
a little about our business. In fact, there is a great deal of romance 
in our business. You have got to be in business for love today to 
stay in it as there certainly has not been any profit in it for a long 
time. 

I notice, however, that many have recently taken up the refrain 
“Happy Days Are Here Again.” 

Contrary to what many think, this is not attributable to the war, 
but entirely to the American Society for Metals. When your asso- 
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ciation made the metal and steel industries show off in a stockyard 
as they did this week, we immediately became “bullish.” 

And we have reason to snort and rant. The metal and stee| 
industries have just cause to be proud of their record of achieye- 
ment. They have been one of the pillars upon which the founda- 
tions of our present civilization have been built. Discoveries in the 
use and application of basic metals have done as much to mold and 
redesign our present ways of life as any other single force. The 
metallurgist and engineer have not only opened up new industrial 
frontiers but have blazed trails into new fields of economic, social 
and political speculation and activity. Our economic and social in 
stitutions have been fundamentally altered by scientific discovery and 
many of our political and industrial problems are purely the by-prod 
ucts of scientific progress. 

The metallurgist and chemist in his laboratory and the engineer 
in his experimental workshop are dynamic political and social forces. 
They must, therefore, not be unmindful of the cultural and spiritual 
effects of their physical discoveries. The genius of the radio is not 
in its mechanical composition but in the effect it has had on the en 
tire intellectual life of the world. This is but one isolated illustra- 
tion. If we reviewed all scientific progress for the past 40 years 
in relation to its effect on our daily lives and thinking, we would be 
graphically reminded that the metallurgist, chemist and engineer 
have completely changed the pattern of human life, and will, in the 
future, continue to change it more radically than any politician, col 
lege professor or economic royalist. The germ of a new civilization 
is found under the microscope more often than in the bombastic 
speeches and clever maneuvers of statesmen and soldiers. Newly 
discovered uses of natural forces and resources release new economic 
and industrial forces which in turn create new political and social 
problems. We live in an integrated universe. Every sound wav 
released here reverberates around the world. 

And, on the other hand, scientific discovery may not only be a 
great benefit to the human race but it can also be destructive of the 
human race. It all depends upon the use which human beings make 
of their discoveries. The folly of man, not the intention of the sci 
entists, is responsible for the destructive use of the agents employed 
in modern warfare. The ultimate value of invention depends en- 
tirely upon the thinking of Men. As a Man thinks, so he becomes; 
as Men think, so Society becomes. We must, therefore, wage 4 
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battle of ideas and, for this war, you scientists are especially well 
equipped. 

We must not be distracted from our domestic problems by for- 
eign war. A war of insidious propaganda is being waged against 
our traditional and basic political and economic institutions. We 
can only meet this challenge with straight thinking and publicized 
facts. 

Let us tonight scientifically counterattack a few of these ma- 
licious attacks on industrial democracy. 

On the Political Front—In the last decade we have witnessed 
throughout the world, and to a significant extent in our own coun- 
try, unprecedented assumption by government of political controls 
over all economic and social activities. Our forefathers designed a 
political system on an economic and social structure in which indi- 
vidual freedom could live. They sought the liberation of the human 
spirit so that man could design the pattern of his own culture and 
work out his own economic destiny through his own ingenuity and 
free enterprise. They did everything conceivable to constitutionally 
suarantee us against the economic strangulation caused by the tight- 
ening hand of government on individual liberty and free enterprise. 
They emphasized the overwhelming importance of spiritual and 
intellectual freedom. It is interesting to note that our Federal 
Constitution contains more denials of and limitations on the powers 
of government than it does grants of power. 

Our founding. fathers indeed had a scientific attitude toward 
government. Scientific progress can alone flow from striking the 
shackles off the human mind and setting it free for adventures into 
the uttermost realms of space and into the boundless energy im- 
prisoned in an atom. Furthermore, according to his nature, man 
must be free to use and enjoy the conquests of his adventure and 
he must have the urge to continue and pursue his voyages of dis- 
covery by not being deprived of the rewards of his exploits. 

Time does not permit my detailing all of the shackles which 
have been imposed upon us in the fair name of modernization and 
under justification of emergencies but I can assure you that prac- 
tically every basic productive, distributive and financial agency of 
our commercial life is already subject to some government control. 
The instrumentalities for the communication of information are also 
already under governmental supervision. 

This new ideology of a totalitarian paternalistic state, which has 
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captured most of Europe and which has been creeping up on ys 
here by subtie insinuation, is anti-scientific. I say it is anti-scientific 
because it harnesses the free play of human ingenuity and curiosity: 
it destroys the urge in man to risk new voyages of discovery in the 
hope of reward; and it curtails creative experience. In fact, it js 
anti-man, as it seeks to recreate man in a new image according to 
some economic formula which is antipathetic to his nature. We 
are not just fussing about political forms and economic formulae: 
we are fighting a philosophy of life. 

In my opinion, war would temporarily, if not permanently, 
sound the death knell of the free enterprise system. Bear in mind 
that the European combatants, even the so-called democratic states, 
are not fighting this war under the free enterprise system. 

Industry, as well as man, is mobilized and regimented in war. 
Even in preparation for a possible war, our Government has formu. 
lated most comprehensive plans for industrial mobilization. These 
plans, if carried out, would completely alter our industrial processes 
and distort our whole national economy. 

War profits are a thing of the past and the proverbial “muni 
tions’ maker’s wife” will be a shabby creature in the next war. Let 
no one tell you that business men want war! I know what partici 
pation in this war would do to American business. And I am skep 
tical that even neutrality might prove disappointing. 

All of us seem, however, to be very conscious of what partic! 
pation in the war might mean to us; but few of us seem to appre- 
ciate the real import of neutrality. 

The preservation of modern neutrality seems to require a wider 
use and expansion of governmental controls. There are a great 
number of business-control laws now on the statute books but largel) 
forgotten because they have not been used since the last war or be- 
cause they were enacted for some emergency not usually associated 
with war. They confer drastic powers on the president and could 
be put into operation on a moment’s notice. Other controls may be 
legislated. We may at least be certain that we are already in a 
period of an increased governmentally manipulated economy. Let 
us not be too sure of a “war boom’! It might prove to be a “wa! 
bomb”’! 

Furthermore, you are trained to discover, isolate and evaluat: 
facts and the relation of facts to facts. You accept demonstrated 
conclusions regardless of preconceived notions. A scientist rational 
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izes; he never emotionalizes. In a word, you weigh and judge prob- 
lems scientifically—with the head and not with the nervous system 
and the passions. 

The scientific approach to political and economic problems is 
imperative. The scientist belongs in politics because politics has al- 
ready intruded itself into science. 

Scientific freedom will not prosper under political slavery. To 
be a scientist you must be intellectually free. Therefore, if you be- 
lieve in science, you must resist all attempts to curb or harness human 
freedom and you must fight on the political front in defense of 
democracy. 

On the Social and Economic Front—As scientists you must also 
fight on the economic and social front of industrial democracy, the 
free enterprise system. Its enemies are trying to destroy it by a 
spread of false propaganda. You must refute this false propa- 
ganda with facts. 

You are not doing your duty to your profession if you con- 
tinue to permit the impression to grow that scientific progress and 
the mechanization of industry produces unemployment, that machines 
displace men. This is simply not true! Let’s look at the record for 
a moment. 

The period between 1900 and 1939 is the period of the greatest 
improvement in the mechanization of the productive processes in 
the history of the United States; so that is certainly the period 
which we should examine to test the truth of this accusation. 

During that period, the population of continental United States 
increased 70.8 per cent. 

The average number of wage earners in the manufacturing 
industry during that period increased 111.2 per cent and in blast 
furnaces and steel works and rolling mills, 125 per cent. This proves 
that jobs increased faster than the population. 

Furthermore, since 1900, the amount of steel in use in this 
country has increased nearly 17 times as fast as the nation’s popula- 
tion, in spite of the fact that improved technology in both the manu- 
facture and use of the steel in the past 20 years has greatly increased 
the life of steel in service. Per capita consumption of steel increased 
650 per cent. So consumer demand increased phenomenally. 

Now let’s see what happened to wage rates and hours of work! 

Average hourly earnings in the manufacturing industry in- 
creased 191.9 per cent and in the steel industry 227 per cent. The 
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average weekly earnings in the manufacturing industry increased 
100.1 per cent and in the steel industry 108.1 per cent. On the other 
hand, the average hours of work between 1914 and 1939 (the only 
period during which there are authentic figures) decreased in the 
manufacturing industry 32.2 per cent and in the steel industry 41.8 
per cent. Production per man hour increased 126 per cent. 

It is, therefore, apparent that jobs grew faster than population, 
that actual earnings increased with a greatly reduced work week and 
production per man hour increased. On the record, machines have 
not displaced men and decreased gainful employment ! 

We, who invent, produce and operate machines, cannot afford 
to let this fetish continue that mechanical progress is anti-social. 

Idle machines, not busy machines produce unemployment. And 
you can’t blame idle machines on Big Business, as only busy machines 
can make profits. 

The Steel Industry may be proud of its wage record. From an 
average wage rate of 24.5 cents per hour over the period 1890-1915, 
it has risen to 82 cents in 1937-1938 and this rate is 27 per cent 
higher than the average wage paid in all manufacturing industries. 
And bear in mind that employment in 1935 was only 3 per cent below 
1929 although steel output was 49 per cent lower. Furthermore, out 
of every dollar which the industry received in 1929, 35.5 cents went 
into the pay envelope of employees. Each year the employee has 
been getting more. In 1937 he was getting 37 cents and in 1938, 
40.5 cents. 

And here is one of the most challenging facts of all! The pur- 
chasing power of the hourly wages of each worker in the steel indus- 
try has increased 55.8 per cent over that great year of 1929 to which 
everyone still looks back with envy. This figure takes fully into ac- 
count changes in the cost of living. And if someone observes, “Yes, 
but hours of work have been reduced so that weekly income in the 
wage earner’s pay envelope is less’—you may reply, “Certainly, but 
even taking this into consideration, his weekly earnings in 1939 have 
increased in purchasing power over 1929 by 2.8 per cent and you 
can’t blame reduced working hours on the employer.” 

And from 1923 to 1929, the average composite price per pound 
for finished steel was 2.35 cents and in 1938, 2.30 cents per pound 
or 2 per cent lower. So even the consumer has benefited. 

Why shouldn’t we be justly proud of our industry’s record’ 
We have withstood the distortions and maladjustments of the years 
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of economic depression—the aftermath of the last World War— 
with fortitude and success and to the benefit of our wage earners 
and customers but at the expense of our security owners. We have 
conducted vast research, modernized and expanded plants and have 
made great technological progress through all that depressing period. 

It seems to me that our industry needs to yield to no one on the 
economic front. We are better equipped and manned today to “do 
our bit” than ever before, and it is the metallurgist and engineer 
who have principally made this possible. 

In addition to these contributions to our economic and industrial 
life, steel has also contributed to the safety of human life. Mechan- 
ical failures have been greatly decreased as a result of the increased 
uniformity and strength of steel. Sanitation in many of our food 
and beverage preparations and dispensing units is constantly guarded 
by stainless steel. The utilization of the superior strength of steel 
has made travel in our modern automobiles and railroads safer. The 
highly successful operation of our modern air transport lines is prin- 
cipally a function of the steel industry’s ability to produce strong 
steels, but steels practically free from imperfections. New magnet 
steels have revolutionized magnetos and loud-speakers and _fore- 
shadow a new era in radio communications. Entire new industries, 
with new opportunities of work for thousands, have been created 
as a result of metallurgical discoveries. Hard labor has become less 
and less burdensome and physically depressing. 

It is impossible in my limited time to do more than high-light 
a few advances made by the metallurgist and engineer in our in- 
dustry on the social and economic front but the few selected illus- 
trations conclusively demonstrate that you have not been “anti- 
social” as so main’ crackpots unchallengingly claim. You have prob- 
ably not been as “social-minded” as these political magicians but 
you certainly have been more “socially effective” ; and action speaks 
louder than words. 

Technological progress always means economic and social prog- 
ress. And, do you realize that American industry is estimated to 
spend around $200,000,000 a year in research alone? Only great 
aggregations of capital can afford such an outlay for research. 
Moreover, corporations make staff research by numerous co-ordi- 
nated experts possible, which is impossible in individual business 
and direct research along specified practical lines, as against abstract 
types of research in great universities. 
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Now a word as to the future! And in this I am only echoing 
what I have heard you say. 

Although the metallurgist never prophesies spectacular discoy- 
eries of new products, he, nevertheless, knows that research labora- 
tories are strange places where the unexpected is always happening. 
and no one can be emphatic in stating that the day of sensationa| 
new products is past. 

You can make a needed contribution by furthering a move- 
ment towards simplification and standardization of products, by 
finding ways of securing equal properties with a lower alloy con- 
tent, by making large sections of steel with equal strength all the way 
through, by developing better tools and better dies and by producing 
quality steels with a high degree of reproducibility. 

The field of greatest profit lies in the reduction of production 
costs with improved quality and wider applications and consumer 
uses. These must be the discoveries of the scientist; so you are the 
most potent economic force in the industry. With taxes and labor 
at “frozen” levels, we can alone profit by reducing our direct pro- 
duction costs and these production costs are basically scientific prob- 
lems. You have won our battles for us on the social and economic 
front thus far and we look to you for leadership in the greater bat- 
tles which confront us. 

It has been interesting, during the past ten years, to see the 
gradual change from dependence on the research of Europe to sup- 
ply the American metallurgist with the clue as to how to improve 
his product or how to synthesize alloys in a new way to secure a 
superior product. The American metallurgist is slowly but grad 
ually taking over from the European metallurgist the work of es- 
tablishing the fundamentals involved in steel making, steel treating, 
and steel use. Since the last war, the realization of the importance 
and control of grain size in steels, a fundamental understanding oi 
the mechanics of hardening and softening, and the importance o/ 
slags in melting practice have all been contributions of American 
metallurgy. This is strong evidence that the American metallurgist 
is tackling his problems more practically and fundamentally and 1s, 
therefore, making a more direct contribution to the scientific founda- 
tion of steel making. 

We no longer have to rely on European sources of supply of 
metallurgical knowledge and skill. We can “carry on” with our own 
metallurgical “resources.’’ It is about time that we stopped our 
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idol-worshipping of “Made in Germany” and began to boast of 
“Made in America.” 

\nd so as I survey our industry as a newcomer who does not 
“fail to see the trees because of the forest,” I can boldly state that 
on its record it has justified itself as a real constructive and pro- 
sressive force in our economic progress and that it has contributed 
creatly to social and humanitarian advance. We owe it to our 
industry and to our country to become active scientific propagan- 
dists in correcting the false impressions that the rank and file have 
been given of our industry’s record in our national economy. If 
industry is to be expected to go “over the top” it must have the sym- 
pathetic understanding of the voters as it is the voters who make 
and control our government. The way to change government is to 
change individua' opinion ; that is your and my job. 

Political democracy and industrial democracy go hand in hand. 
You cannot have political independence and industrial dependence ; 
nor can you have industrial independence and political dependence. 
Political freedom and industrial freedom are each only inseparable 
component parts of human freedom. The attainment of human 
freedom, as I have said, comes alone from liberating the human 
spirit so that man can design the pattern of his own culture and 
work out his own economic destiny through his own ingenuity. This 
is a scientific fact, a natural law; it is integrated in man’s very 
nature. 

We must, therefore, “de-bunk the modern bunk” that industry 
has been anti-social, anti-democratic; that is pure nonsense which 
cannot successfully survive the challenge of facts. It 1s our duty 
to destroy this modern heresy. 

We are faced today with a world challenge to the fundamental 
concepts of our civilization and I am confident that industry can 
and will demonstrate by its achievement that political and industrial 
democracy is the only practicable way of life and that it is workable 
under all and any conditions. 

There are new frontiers in America which hold the promise of 
vreater wealth, more goods, more jobs and a higher standard of 
living than ever produced by territorial conquests and trade domina- 
tion. These peace time frontiers stem out of the shops and research 
laboratories of industry. You are the masters of our industrial 


destiny ! 
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TWO VALUABLE BOOKS=— 
for Your Metallurgical Library 


The latest and most authoritative data on the Molybdenum in steel and 
iron will be found in two books compiled and published by the Climax 


Molybdenum Company: 
“MOLYBDENUM IN STEEL” and “MOLYBDENUM IN CAST IRON” 
Either or both of these technical books will be sent on request to those 
actively interested in the metallurgy and application of ferrous materials. 
If you have any special problems we will be glad to furnish any addi- 
tional information. 
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Fisher Carbanalyzer 


for the 
Rapid 
determination of 


Carbon 


in Steel 


The Fisher Carbanalyzer 
(Patent Applied For) is a new 
instrument for the rapid deter- 
mination of the carbon content 
of steel. It employs exact elec- 
trical means based on the well- 
known principle that the car- 
bon content of a piece of steel 
under proper conditions is re- 
lated to certain of its magnetic 
properties. The Carbanalyzer 

was developed by the Research 

The Fisher Carhanaiyzer, he new instrument for dnd Development Division 

the Jones and Laughlin Steel 

Corporation, and has been in 
use in the Jones and Laughlin open hearth plant for more than a year. It is manv- 
factured in Fisher's Instrument shops. 

A carbon determination can be made in a few seconds with the Carbanalyzer; 
in fact this can be done in less time than it takes to break a test piece and make 
a visual examination of the fracture. The instrument operates over a range of .05% 
to 1.50% carbon content and is sensitive to a change of + .005%. 

The Carbanalyzer is portable, has no delicate parts that would require special 


care, and is so simple in operation that the technique is easily learned from the com- 
plete directions furnished. 


After the instrument has been calibrated against a series of samples of a certain 


type, it can be employed for the determination of carbon in any sample of the 
same type. 
*Trade Name Registered, U.S. Pat. Off. 


Fisher Carbanalyzer, with complete directions. Each, $550.00 
Mold, for casting test samples. Each, $29.00 


Fisher Scientific Company 


“First Source for Laboratory Supplies”’ 


711-723 Forbes Street Pittsburgh, Penna. 











2/j]i \ 


















banalyzer’ 
or) iS @ new 
rapid deter. 
rbon content 
'S exact elec. 
on the well- 
nat the car- 
iece of steel 
itions is re- 
its magnetic 
Carbanalyzer 
he Research 
t Division of 
ighlin Steel 
has been in 
It is manu- 


arbanalyzer; 
e and make 
nge of .05% 


juire special 
ym the com- 


of a certain 
nple of the 


).00 
).00 


any 


, Penna. 





ares Oe nt TAae se < AN 
eh NEE OMELETTE IE 





GRATON-VANDERWILT 
POLISHING MACHINE 


for Metal and Ore Specimens 


Fast enough for routine work — 
unexcelled for research and critical 
problems. Specimens are flat and 
free of relief. Inclusions are undis- 
turbed and there is no alteration of 
surface or boundary phenomena. 
Machines are in use in many coun- 
tries in university, government and 
industrial laboratories. 


Price $560 complete 


Mico Instrument Company 
Cambridge, Mass., U. S. A. 






$1 Binds Your Transactions 


Members who wish to preserve Vol. XXVII of 
TRANSACTIONS in bound form should send their 
copies to National Headquarters together with $1] 
and your TRANSACTIONS will be bound in blue cloth 
to match previous bound volumes. If any member 


wants to keep his copies of the issues of Vol. 
XXVII, March through December, 1939, in loose 
form and yet have a bound volume for his library, 
a complete bound volume will be supplied for $5, 
postpaid. 
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Do You Have A im 
Copy Of This Book? 


FORGING HANDBOOK 


by Waldemar Naujoks and Donald C. Fae] 


This book is more than a 
handbook on forging methods 
and forgings. It is a valuable 
reference on forged metals— 
their proper use, physical 


properties and production | 


records. 


Teciibeieh ia teeciints dailies 
—helptul to the design engi- 


meer, metallurgist, and pro-— 


duction man—are discussed 
and illustrated by drawings 
and photographs. 

_ If your plant uses forged 
parts... if you produce metals 
for forgings ... if you want to 


increase your knowledge of 
conditions in a typical metal 


working indusiry ... order the 
FORGING HANDBOOK today! 
published by the 
AMERICAN SOCIETY 
FOR METALS 


7018 Euclid Avenue Cleveland, Ohio | 


SECTION HEADINGS 


The Forging industry 
Forge Plant Equipment 
Die Block and Process Operations 


Forge Dies and Tools 


Forging Practice 

Finishing Operations 

Heat Treatment of Forgings 
Cleaning of Forgings 


The Testing and Inspection o! 
Forgings 


Materials Handling 

Forge Plant Design 

Forge Piant Maintenance 
Furnaces and Furnace Design 
Designing the Forged Part 
Forging Materials 

Costs and Cost Engineering 
Forge Shop Saiety 


Mathematica! : a Tables and Data 


. 


yi 








Pa 


